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ABSTRACT

» Analysis methods, developed in Phase II, for predicting cyclic creep deflection
in stiffened panel structures, were applied to full size panels. Results were
compared with measured deflections from cyclic tests of thin gage L605, Rene' 41,
and TDNiCr full size corrugation stiffened panels for which data were availaﬁle in
the literature. Empirical equations used in the analysis were developed for each
material based on correlation with tensile cyclic creep data during Phase I of the
i program.

Based on results from the study, a design criteria is formulated for metallic

TPS panels subjected to creep. This criteria addresses TPS design considerations,
data requirements for creep analysis, and creep deflection analysis. Also included
in this report are the users'information and listing for the TPSC (Thermal Pro-

tection System Creep) Computer Program developed to calculate creep deflections.
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FORWARD

This report was prepared by McDonnell Douglas Astronautics Company - East
under Contract NAS 1-11774 for the National Aeronautics and Space Administration,
Langley Research Center, Hampton, Virginia. It was administered under the
direction of the Materials Division, Materials Research Branch, with
Mr. D. R. Rummler acting as the technical representative of the contracting office.
The McDonnell Douglas program manager was Mr. J. W. Davis. Mr. B. A. Cramer was
responsible for structural considerations, analytical methods, and data analysis.

The TPSC Computer Program analysis approach was initiated in the MDAC-E
Advanced Structural Technology Group by Mr. O. R. Otto and Mr. J. K. Lehman.
Mr. B. A. Cramer was responsible for development of the TPSC program under the
contract. Mr. M. B. Gedera assisted in programming the TPSC program.

This report covers the period from December 1974 to April 1975.
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i. SUMMARY

Presented in this report are the'results of both>the Phase III and Phasé v
contract phases. Phase III was directed at correlating results of full size panel
cyclic testing based on material cyclic creep response behavior determined in
thase I studies (Reference 1) and analysis capability developed in Phase II
(Reference 2). Full size panel data for this effort, were obtained from the
literature. Phase IV effort was directed at summarizing program results into a
TPS panel design criteria. Phase III is presénted in Sections 2 through 4 of the
report and Phase IV is presented in Section 5. The Users information and listing
for the TPSC (Thermal Protection system Creep) Computer Program developed during
Phase II are presented in Appendices B and C respectively.

Comparisons of predicted and test deflections are presented for L605 panels
and Rene' 41 panels tested at McDonnell Douglas Corporation and for Haynes 25
(L605) and TDNiCr panels tested at Grumman Aerospace Corporation.

Resulting predictions for the L605 and Rene' 41 panels provided good correla-

tion with test results. For both materials there was approximately a factor of

two difference between test deflection results for two identical panels tested

simultaneously. No explanation for this difference could be determined, Pre-~

dictions for these panels were made both at the center, where temperatures were
Lighest and at the panel transverse edges where temperatures were somewhat lower.

For the L605 panels the predicted center deflections were approximately 207% less

rhan the lowest panel test deflection agreed closely with the average test

deflections. For the Rene' 41 panels the predicted deflection was very close to

the higher of the test deflections at the panel center. Sensitivity of predicted

deflections to variations in material gage and test temperature was demonstrated

for the Rene' 41.

iii
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Predictions for the Haynes 25 panel and TDNiCr panel were both low in com-
parison to test deflections although considerable variation was evident in the data
measured for four spans on the TDNiCr panel and the prediction was within the data
range. This variation in test data could not be accounted for by temperature
variations in the panels. The trend in the prediction relative to test deflections
as a function of cycle for TDNiCr was shown to be consistent with prediction
capability of the empirical cyélic creep equation. Test deflections for the Haynes

25 panel were two times higher than predictions.

iv
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1.0 INTRODUCTION

One of the design requirements of reentry vehicle metallic thermal protection

systems (TPS) is that deflections, occurring during ascent and entry mission

phases, due to differential pressure and thermal loading, do not exceed design

thm s s o i

limits., These deflection limitations are established to maintain the aerodynamic

shape, minimize localized aerodynamic heating and to minimize the need for panel

refurbishment. Because deflections include permanent deformation due to creep,
methods for predicting these deformations are needed.

Several arrangements of metallic TPS components have been investigated in the
coures of previous spacecraft studies. The baseline design used in the McDonnell
Douglas Phase B Shuttle Study Program is shown in Figure 1-1., Radiative metallic
panels form the outer moldline. These panels are backed by fibrous insulation
blankets. Differential alr pressure loads on the panels are transmitted by beam
bending to transverse support beams located at approximately a 50 cm (20 inches)
spacing. Retaining straps are attached to the transverse support beams and retain-
ing straps. Longitudinal joints between panels provide normal-to-panel shear
continuity between adjacent panels, preventing joint gapping by forcing adjacent
panels to deflect simultaneously under applied loads. Transverse support beams
transmit loads to support struts which carry the loads to primary load carrying
structure. Drag links, spanning diagonally between transverse support beams and
primary structure, provide support structure system stability and carry longitudinal

loads.

During Phase I (Reference 1) of this program, the influence of cyclic entry
conditions on creep response was investigated for four material alloys: Ti-6A1-4V,

Rene' 41, L605, and TDNiCr. Analysis of tensile creep test data during this phase

resulted in empirical equations, for each material, which describe cyclic creep

1-1
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FIGURE 1-1 TYPICAL METALLIC THERMAL PROTECTION SYSTEM STRUCTURE
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response characteristics as a function of stress, temperature, and time. These
equations were used in conjunction with the time and strain hardening theories of
creep accumulation to investigate creep prediction capability for rvclic trajectory
stress and temperature profiles.

Phase II (Reference 2) was directed toward developing and verifying capability
“or prediction of creep deflection in metallic heat shields subjected to cyclic
vntry environments, |

A computer program, Thermal Protection System Creep (TPSC) was developed for
predicting beam creep deflections (Appendix B and C). This program offers an approach
to creep predictions through application of iterative techniques and numerical
integration. 1In the analysis, panel length is divided into segments over which
bending moments are assumed constant and panel depth is divided into increments
over which stresses and strains are assumed constant.: Using a linear strain
assumption, beam rotations are iteratively determined, based on either the time
hardening or strain hardening theories of creep accumulatiop. Material cyclic
creep response properties were defined by empirical equations developed from tests
of tensile creep specimens in Phase I. The TPSC program capability includes
Jdefinition of temperature as a function of beam length and depth, application of
cwither the strain hardening or time hardening theory of creep accumulation, and
“he application of bending distributions for a full size panel based on the edge
stiffness and the longitudinal and transverse panel stiffness. Progfam output
includes defintion of both elastic and creep deflected shapes, residual stresses,
and creep strains as a function of cycle.

Seventeen subsize panel specimens, 6.35 cm by 3.05 cm, were tested to provide
creep deflection data for verification of prediction capability. Corrugation cross
<ection specimens were fabricated for test using thin gage (+.025 cm) L605, Rene' 41,

Ti~6A1-4V, and TDNiCr sheet material. Rib cross section specimens were also

1-3
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fabricated for test using thicker gage (v.060 cm) L605 and Ti-6A1-4V sheet material.
These materials were procured for use both in Phase I and II. Each test consisted
of cycling the panel for up to 100 entry thermal and bending load profiles represen-
tative of Shuttle entry missions. Testing was conducted in a vacuum furnace, using
a load mechanism specifically designed to apply a two-point panel load that would

be independent of panel deflection. Permanent deflections, due to creep, were
measured as a function of cycle.

Comparisons of subsize panel creep deflection predictions with test results
were made, Generally, good correlation was obtained between predicted and test
deflections.

The objective of the program Phase III effort was to analyze full size panel
creep data obtained from available test programs and to compare test results with
prediction using methods of analyses developed during Phase I and II. Every effort
was made to include all possible variations that could be ascertained from the
documentation that might affect creep response so that as much confidence as
possible could be associated with the comparison of predicted and test results.

To this extent, the documented test data and results are summarized in this report.
In addition, loads, temperatures, and panel geometry data required for creep
analysis are reported.

The international system of units (SI) are used in this report. U.S. Customary
Units are also generally provided. Applicable conversion factors are presen;ed in

Appendix A.

1-4
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| 2.0 Background from Phase I and II

During Phase I and II of this program, the influence of cyclic entry conditions
on creep response of L605, Rene' 41, TDNiCr, and Ti-6Al-4V were investigated and
prediction capability for TPS panel creep deflections was developed. These cyclic
creep data and analysis methods have been applied in the evaluation of full size
panel test data in Phase III. Presented in this section are discussions of Phase T
and Phase II results as they apply to the Phase IIT evaluation of full size L605,

Rene' 41, and TDNiCr TPS panel test data.

2,1 PHASE I - CYCLIC TENSILE TESTING

In Phase I, thin gage tensile specimens were tested under cyclic loads and
temperatures, Initially, creep response data were generated in what was designated
as series of basic cyclic tests. These tests were conducted using the stress and
temperature profiles shown in Figure 2-1 where the time per cycle was twenty
minutes and the time between cycles (required for heat up and cool down portions
of the profile) was 35 minutes. For each material, tests were conducted at three
stress levels at each of four temperatures coverlng the range of temperature
applicability for the respsective materials.

Test temperature ranges were 978K (1300°F) to 1255 (1800°F) for L605, 1033K
(1400°F) to 1155K (1620°F) for Rene' 41, and 1089K (1500°F) to 1478K (2200°F) for
TDNiCr. Stress levels were selected at each temperature to yield 100 cycle

creep strains of up to approximately 1%, the range of interest in analysis of TPS

panels,

Analysis of cyclic tensile test data for each material resulted in empirical
equations describing cyclic creep response characteristics as a function of stress,
temperature, and time. These equations are presented in Table 2-1. Each equation

represents a fit of cyclic data based on regression analysis. For each material
2-1
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? TEMPERATURE
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CYCLES

FIGURE 2-1 STRESS AND TEMPERATURE PROFILES FOR PHASE | TENSILE CYCLIC CREEP TESTS
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considerable effort was directed toward determining appropriate equation forms,
including stress, time and temperature interaction terms, to provide a "best fit"
over the entire range of data resulting in the different equation forms shown.
Typical comparisons of the tensile cyclic data and empirical equation predictions
for each material are shown in Figures 2-2 through 2-4. Generally, the TDNiCr
specimens failed at creep strains below .15%.

Because the empirical equations presented in Table 2-1 were derived from 100
cycle testing for 20 minutes at load per cycle, the total time of applicability of
each of the equations is 33.3 hours. In the analysis of TPS panels subjected to
mission load and temperature profiles, the profiles are "idealized" by dividing them
into steps of constant load and temperature. To investigate the applicability of
the empirical equations to these profiles, tests were also conducted for each
material using the profile shown in Figure 2-1 with a ten-minute per cycle time at
load and peak temperature. Results of these comparisons for each of the 10 minutes
per cycle and 20 minutes per cycle materials are shown in Figuré 2-5 for equal
total time at load. Because close agreement between these test data was obtained,
the equations are considered to be applicable in analysis of idealized mission
profiles where smaller time steps are used. Also, this total time of equation
applicability of 33.3 hours will be important in the analysis of test data where
longer times of the stress and temperature profiles may result in a reduction of

the number of cycles over which the equations are applicable.

Cyclic tensile tests were also conducted where stress was varied as a function
of cycle (stepped stress tests) and where étress and temperature were varied within
each cycle (mission profile tests). These test data were used to evaluate the
applicability of the time and strain hardening theories of creep accumulation.
Comparison of predicted creep strains using these hardening theories in conjunction

with the empirical equations indicated that neither theory consistently provided
2-4
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good predictions. Comparison of strain hardening and time hardening predictions
with L605 cyclic tensile data showed that the strain hardening theory provided the
best predictions for tests where stress was continually decreased as a function of
cycle and the time hardening theory provided the best prediction for tests where
stress was continually increased as a function of cycle. Therefore, an approach
was proposed where both strain hardening and time hardening theories were used at
each analysis step depending on whether the creep strain rate decreased or
increased, respectively. Although this improved predictions for the L605 mission
profile trajectory tests, it did not improve prediction for the other materials.

For Rene' 41, predictions based on the time hardening theory of creep accumula-
tion were generally considered best. Predictions based on the strain hardening
theory of creep accumulation were found to be approximately the same as for time
hardening in predicting strains for testing where the stress was continuously
increased as a function of cycle, Both predictions were close to test values. For
specimens where stress was continually decreased, the time hardening predictions
were up to 307 higher than test strains. However, predictions based on strain
hardening were even higher, up to 75% higher than the time hardening predictions,

Predictions of creep strains for TDNiCr trajectory profile tensile tests using
the cyclic creep equation, were found to be from 30% to 70% of test strains at 100
cycles, The applicability of hardening theories used in panel analysis will
significantly effect prediction capability.

Another variable considered in Phase I tensile creep testing was the possible

effect of recovery phenomena. To investigate this, tests were conducted where the

stress profile was maintained for a longer period of time while temperature was
being decreased rapidly, as shown in Figure 2-6(a). These comparative tests were
conducted on L605 and Rene' 41 tensile specimens. Test results, shown in Figure

2-6(b), indicated that no variation in creep strains could be determined for the
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L605 specimens, as indicated by the strain-time data plots. However, Rene' 41 creep
strain results were consistently higher for each of three specimens tested. These
results, plotted as a function of the stress levels, at 100 cycles are shown in
Figure 2-6(c). This variation in creep strains for Rene' 41 was greater than
expected based on data scatter as determined in the development of empirical
equations. From these results it is difficult to draw conclusions as to the
differences between the mission profile test results and predictions based on
empirical equations developed for the twenty minute per cycle stress level. How-
ever, it has been demonstrated that an effect, due to possibly a material recovery
phenomena, may exist to different degrees in the different materials, which may
effect panel deflection predictions.

The empirical cyclic creep strain equations developed in Phase I were based
on tests conducted on the thin gage sheet specimens (v.025 cm) for each material.
Initially in Phase I, steady state tests were conducted on both these thin gage
materials and also on specimens from a sheet thickness of .064 cm. An effect of
gage on creep response (thin gages creep faster) was noted in the L605 steady state
tests and also in steady state data obtained from the literature. This effect
is attributed to a change in material processing at about t = .064 cm. This type
of effect is discussed here to point out possible effects from sheet to sheet and
due to thickness which may effect prediction capability in applying empirical
equations developed on this program to panel tests from other programs.

For each of the alloys, cyclic tensile creep tests were conducted in Phase I to
obtain data for the assessment of possible effects of atmosphere pressure on creep
response. To provide these data, replicate tests were conducted, using idealized
mission stress and temperature profiles. However, atmospheric pressure was held

constant at 1.33 Pa, in one of the tests while a mission pressure profile was
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applied in the other test. 1In each case variations in creep strain results were
relatively small and were considered within the range of scatter for replicate tests.

Therefore, no effect was attributed to atmospheric pressure.

2.2 PHASE 1T - PREDICTION AND VERIFICATION OF PANEL CREEP DEFLECTIONS

Phase II was directed toward developing and verifying capability for prediction

of creep deflections in metallic heat shields subjected to cyclic entry environments.

A computer program, Thermal Protection System Creep (TPSC) was developed for
predicting beam creep deflections and was used to predict results of subsize panel
testing. Details of this work have been reported in the Phase II Summary report
(Reference 2) and in the TPSC Program User Manual (Appendix B). This program
offers an approach to creep predictions through application of iterative techniques
and numerical integration. 1In the analysis, panel length is divided into segments
over which bending moments are assumed constant and panel depth is divided into
increments over which stresses and strains are assumed constant. The single skin
corrugation TPS configuration with a skin bead, is automatically idealized through
appropriate geometry input to the program. All of the full size panels analyzed
in Phase III were of this configuration.

Using a linear strain assumption, beam rotations are iteratively determined,
based on either the time hardening or strain hardening theories of creep accumula-
tion. Material cyclic creep response properties developed from tests of tensile
creep specimens in Phase I were used in the analysis and because the time hardening
approach provided more consistently the best predictions of subsize panel data in
Phase II, it was used for analysis purposes in Phase III. The TPSC program capa-
bility also includes definition of temperature as a function of beam length and
depth, and the application of bending distributions for a full size panel based on
the edge stiffness and the longitudinal and transverse panel stiffness. The
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capability of including temperature as a function of panel length was utilized in
analysis of the Reference 3 studies (Section 3.1) where temperature distributions
were known.

Moment distributions are internally defined based on uniform pressure loads
and simple panel supports. In addition, the moment distribution can be automatically
calculated as a function of panel edge stiffness and the ratio of panel stiffness
in the longitudinal and transverse directions. This option is based on combining
solutions for an isotropic plate with two sides simply supported and two sides
elastically supported as offered by Timoshenko (Reference 4) and the solution for
an orthotropic plate with four sides simply supported as offered by Lekhnitskii
(Reference 5). This option provides a first order approach to account for Poisson's
effects in orthotropic plate structures. However, this option was not applied to
the analysis of full size panel data in Phase III because of the large ratio of
longitudinal to transverse stiffness for corrugated panels analyzed and because of
the general lack of edge stiffness in the test panels. Edge stiffness was gener-
ally minimized in the full size panel tests to simulate as closely as possible
actual entry vehicle panel conditions.

Both pressure and temperature load inputs are based on idealization of the
test profiles into discrete time steps. During Phase I, cyclic tensile tests were
conducted for both mission profiles and idealized profiles. Comparison of test
results indicated that a minimum number of steps (4 steps used in Phase I testing)
provided good correlation of résults.

The following basic assumptions are made in the analysis:

a) Only bending stresses are considered in the analysis. Deflections due to

shear are assumed negligible.
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b) Total creep strain plus elastic strain distributions through the panel
depth are linear.

c) Load and temperature distributions and calculated deflections are assumed
symmetrical with respect to the panel centerline

d) Creep response equations, defined by the user, are assumed to be applic-
able for both tensile and compressive stresses. In addition, the equations
developed based on Phase I cyclic testing are assumed to be applicable for
the sheet material used in fabrication of the full size panels,

e) Stress distributions are assumed uniform in the horizontal thin gage
sections of the panel cross sections. In particular, the thin gage skin,
loaded in compression, is assumed to carry load uniformly (except as
altered by the My/I distribution iﬁ the bead) across the pitch length.

It is difficult to determine how much each of these assumptions might influence
the predictive capability of the TPSC program. The first three of these assumptions
probably are the most applicable to the analysis. The last two assumptions are of
most concern as to applicability. Certainly the scatter documented in literature
for sheet to sheet variations in creep response as well as variations in TPS panel
skin stress distributions evidenced through strain gage data (References 3 and 6)
and the occurrence of skin buckling (References 2 and 3) noted in TPS panél test~
ing will effect creep deflections. Applicability of the hardening theories to the
real material response will also be an unknown in the full size panel analysis.

Even with all of these assumptions considered, the TPSC computer program has
been demonstrated to provide needed capability for prediction of permanent
deflections, due to creep, in entry vehicle metallic thermal pfotection‘system
panels subjected to complex cyclic loading conditions. The TPSC program is written

in Fortran IV and is operational on the CDC 6600.
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Four L605, three Rene' 41, four Ti-6A1-4V, and two TDNiCr subsize (6.35 cm by
30.5 cm) corrugation stiffened TPS panels were tested to provide creep deflection
data for verification of prediction capability in Phase II. These specimens were
fabricated using thin gage (approximately .025 cm) sheet material, however, the
section geometry was more compact (pitch = 1.91 cm and depth = 1.27 cm) than those
found in the full size panel testing. In addition, no skin bead was used in the
subsize panels. Rib cross section specimens were also fabricated for test using
thicker gage (v.064 cm) L605 and Ti-6Al-4V sheet material.

Testing of subsize panels was conducted in a vacuum furnace, using a load
mechanism specifically designed to apply panel bending loads that would be
independent of panel deflection, Permanent deflections, due to creep, were
measured as a function of cycle. Each test consisted of cycling the panel for up
to 100 temperature and bending load profiles representative of Shuttle entry
missions. Two types of cyclic profiles were used. The first consisted of a
constant load and temperature applied for twenty minutes, with heat up and cool
down periods at zero load yielding total cycle time of fifty five minutes. Two
L605, two Rene' 41, three Ti-6Al-4V, and one TDNiCr subsize panels were tested
to this type profile. The second type of profile consisted of mission temperature
and load profiles for the same total cycle time as for the constant load cycles.
The remainder of the seventeen panels (four L605, one Rene' 41, three Ti-6Al1-4V,
and one TDNiCr) were tested to these mission profiles.

Comparisons of the subsize panel creep deflection predictions with test
results were made in Phase II (Reference 2). Predicted deflections, as a function
of cycle, for the L605 sﬁbsize panels tended to be lower than test values for
approximately 15 cycles and then increase to higher than test values‘by the con-

clusion of the test. This same trend was noted in the comparison of tensile
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creep data and empirical equation predictions. Predicted panel creep deflections
obtained using the time hardening theory of creep accumulation were found to
generally yield the best predictions. Predicted deflections for :he Rene' 41
panels generally were not as close to test values as had been demonstrated in the
case of L605. Again, the time hardening theory of creep accumulation provided the
best deflection predictions, although these predictions were lower than test data
for the mission profile and higher than test data for the constant load and

temperature profiles. Predictions for the Ti-6A1-4V panels generally agreed with

test results. The shape of the predicted deflection curve as a function of time
(or cycle) was in good agreement with the test data which is consistent with the
prediction capability of the empirical equation for Ti-6A1-4V. Predictions for
the TDNiCr subsize panels were a factor of two high in one test and a factor of
two low in the other test. No rational was determined for this apparent incon-

sistency although all deflections were small (v.05 cm).
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3.0 ANALYSIS OF FULL SIZE PANEL DATA

Tbe‘Phase IITI effort consists of evalua;ioﬁ and analysis of full size panel
data. In each case, analysis consists of the idealizatién ofktest‘load and
temperature profiles and calculation of the TPS panel deflections using the
material c&clic creep properties developed in Phase I and creep deflection pre-

diction methods developed in Phase II.

Four sets of panel data were evaluated in this phase. These data were for
L605 panels and Rene' 41 panels tested at McDonnell Douglas Corporation (Reference
3) and Haynes 25 (L605) and TDNiCr panels tested at Grumman Aerospace Corporation
(References 6, 7 and 8). Although it was desirable to evaluate data on panels
for each of the four materials studied in Phases I and II, no test data on testing

of full size titanium TPS panels were found.

3.1 SSTP PROGRAM L605 AND RENE' 41 PANELS

The SSTP program (Supplementary Structural Test Program) was a supplement
to the Space Shuttle System Program Definition, conducted at McDonnell Douglas
Astronautics Company - East. This program consisted of designing, fabricating,
and testing of Space Shuttle primary structure and thermal protection systems.
Purposes of the program were to verify feasibility ofvdesign concebt,‘pbeide
design data, demonstrate producibility, demonstrate reusaBility ana verify unit
weight predictions. Included in this program was the testing of L605 and Rgne' 41
full scale metallic TPS panels.

Each test assembly consisted of two test panels, smaller side panels to
provide proper Boundary conditions, support beams and struts, and a secfion of

simulated tank structure. Figure 3-1 shows the test assembly. The two primary

test panels are each 50.8 cm. x 50.8 cm (20" x 20"). The 12.7 cm (5 in.) wide
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side panels simulated the boundary conditions by isolating the primary
panels from the water cooled test fixture. The support beams for the panels were
50.8 cm (20 in.) apart. The panels were supported by "hat section beams and

retaining straps with sufficient clearance to perhit free expansion. The beams in

turn were supported by tubular struts and drag links. Figures 3-1(a), 3-1(b), and

3-1(c) show the details of this construction. The beam also supported the insula-

tion packages. To accommodate thermal expansion, the panels were mounted with

slip fit joints. For the analysis, the panels were assumed to have simple supports

at the edges because end fixity and friction were difficult to define.

The panels of both materials were the same basic design; single faced,

corrugation stiffened, with beaded face skins and reinforcing doublers on the ends

of the corrugations. The doublers served a dual purpose. They not only stiffened
the corrugation ends, but they were also made thick enough so that after assembly
a light machine cut could be taken across the doublers to make a close tolerance
uniform thickness panel. Panels differed in corrugation depth és shown in

Figure 3-1(d). The shallow beads in the face skins were designed to relieve the
stresses caused by the thermal gradients. Heat treatment of the L605 and Rene' 41
panels were performed in two phases. For the first phase the panels were heated
in air, without any restraining fixtures, so that a high emittance oxide coating
would form on all surfaces. The panels were then clamped and heated a second time,
These coating and straightening operations were incorporated into the normal heat
treating sequence for the materials.

Testing consisted of exposing the structures fo repeated cycles of simulated
mission environment. Each cycle consisted of exposure to assent pressure, entry
pressure and temperature, and cruise pressure, as shown in Figures 3-2(a) and (b)
for L605 and Rene' 41 panels respectively. Blocks of these cycles wére followed

by blocks of acoustic test cycles,
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The programmed TPS differential pressure levels were met during'the entry

Launch differential pressure levels were usually 357 low

phase of the mission.
and cruise differential pressures were 507 low due to high TPS panel leakage.
The Rene' 41 TPS panel was subjected to the complete 100 mission program, while

the L605 panel was exposed to 30 temperature-pressure tests and 100 acoustic tests.

The lamp

Throughout each cycle the panel temperatures, not influenced by the joint, were
controlled during heating. The cooling portion of the mission, however, was

uncontrolled and in all cases cooled somewhat faster than expected.

array used for heating the panels was made in sections creating an unavoidable
Thermocouples were positioned so this gradient could be

gradient in the panels.

measured.
As part of the periodic inspections, the surface of the panels were mapped
The

to detect any warpage or permanent set caused by the simulated missions.
aft panel on each of these assemblies deflected more than the forward panel,

There was no obvious explanation for this difference, although it was probably
caused by some phenomena assoclated with the test set-up. It is possible that the

time at temperature for one panel was consistently slightly longer than the other.

The following sections describe the effort in evaluating data and in provid-

ing cyclic creep deflection predictions for these L605 and Rene' 41 TPS panels,

3.1.1 SSTP PROGRAM L605 PANEL
SSTP L605 temperature data (Reference 3) were reviewed to define actual panel
The

temperature distributions which would be applicable to the panel analysis.

data points for several representative cycles are used in developing the tempera-
As indicated in the referenced report, the

Variation is

ture variations shown in Figure 3-3.
influence of the lamp bank splice was approximately 30K (~50°F).

noted between the panel edge and center temperature levels, however, no significant
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difference can be detected between the forward and aft panels at either the center
or edge locations.

Analysis of the panels was conducted for the reentry portion of the mission
profile (Figure 3-2(a)). This profile was idealized into five constant tempera-—
ture and differential‘preSSure steps as indicated in Figure 3-4. Analysis was

based on using the panel temperature distributions from Figure 3-3 defined as a

function of time by the profiles in Figure 3-4.

Comparisons of creep deflection predictions with measured deflection data
are presented in Figure 3-5. Considerable effort was given to evaluation of the
creep deflection test data. A significént amount of variation was noted as
indicated in the plots of Figure 3-5. Therefore, it is difficult to draw conclu-
sions as to the prediction capability. A careful review of the reference 4 data
did not reveal any differences which would account for the variation in deflection
between the forward and aft panels as indicated in Figure 3—5(3). The prediction
shown is based on the maximum of the temperature range sho&n in Figure 3-3 at the
panel center. Analysis conducted using the minimum value of the temperature range
resulted in approximately a 10% lower creep deflection prediction. The prediction
shown for the panel edge in Figure j;S(b) is based on the corresponding temperature
distribution in Figure 3-3. Predicted deflections are based on the same unsup-
ported span length (45.7 cm) and referenced measurement length (41.3 cm) as used
in the SSTP Program. Data used in the analysis are presented in Tables 3-1(a),

(b), and (c).
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v PRESSURE PANEL TEMPERATURE -~ K (°F)
TIME (MIN) KPa
(PSI) X=0 X=5.1 X=10.2 X=15.2 X=20.3 X=22.9
0 - 1.33 .76 1149 1162 1167 1159 1129 1122
‘ ( .11) (1609) | (1631) ]| (1640) (1627) (1573) (1560)
1.33 - 4.67 .76 1261 1275 1281 1272 1239 1231
( .11 (1810) | (1835) | (1845) (1830) (1770) (1755%5)
4.67 - 7.50 1.65 1261 1275 1281 1272 1239 1231
) : ( .24) (1810) | (1835) | (1845) (1830) (1770) (1755)
7.50 - 8.50 2.48 1256 1269 1275 1267 1233 1225
- : ( .36) (1800) § (1825) ] (1835) (1820) (1760) (1745)
8.50 - 11.33 1.65 1038 1048 1053 1046 1021 1014
. : ( .24) (1408) | (1427) | (1435) (1423) (1377) (1365)
(b) Temperatures and Pressures Along Panel Center
- . PRESSURE PANEL TEMPERATURE ~ K (°F)
TIME (MIN) KPa
(PSI) X=0 X=5.1 X=10.2 X=15.2 X=20.3 X=22.9
0~ 1.33 .76 1076 1108 1115 1108 1090 1088
( .11 (1476) | (1534) (1547) (1534) (1502) (1498)
1.33 = 4.67 .76 1178 1214 1222 1214 1194 1192
- y ( .11) (1660) | (1725) } (1740) (1725 (1690) (1685)
4.67 - 7.50 1.65 1178 1214 1222 1214 1194 1192
7 ( .24) (1660) | (1725) ] (1740) (1725%5) (1690) (1685)
7.50 -~ 8.50 2.48 1173 1209 1217 1209 1194 1187
( .36) (1651) (1716) ] (1731) (1716) (1681) (l676)
8.50 - 11.33 1.65 973 1001 1007 1001 a86 985
( .24) (1291) } (1341)| (1353) (1341) (1314) {1310)

(c) Temperatures and Pressures Along Panel Edge

TABLE 3-1. GEOMETRY AND LOADING DATA USED IN L605 PANEL ANALYSIS
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1200

1100

TEMPERATURE - K

PANEL EDGE TEMP, DISTRIBUTION

1000
LAMP SPLICE
/—
-
| L1 | 1 | 1 | |
B R e

DISTANCE FROM MIDSPAN ~ CM

FIGURE 3—-6 RENE'41 TPS PANEL MEASURED TEMPERATURE DISTRIBUTIONS
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Initial analysis using a five time step idealization of the temperature and
load profiles (reference Figure 3-4 for L605) indicated that less than 2 percent
of the creep deflection occurred during the first and last time steps due to lower
temperatures than in the other three steps. Therefore, subsequent analysis for
Rene' 41 panels was conducted using the three step idealization of the entry
test profiles as shown in Figure 3-7. The first step at constant peak temperature
was extended in this case by approximately one half minute to compensate for the
deleted two steps.

Comparisons of predicted panel deflections with test data are provided in
Figure 3-8. Three predicted deflection curves are shown for the panel midspan
(Figure 3~8(a)). The two curves of highest predicted creep deflection (designated
A and B) are based on constant panel temperatures of 1144K (1600°F) and 1128K
(1570°F) corresponding to the trajectory profile (Figure 3-7) temperature and the
minimum panel center temperature distribution (Figure 3-6), respectively., These
two analyses show the effect of this temperature variation on the predicted creep
deflections. Both of these predicted curves are based on skin and corrugation
gages of .0216 cm (.0085 in) and .0140 cm (.0055 in), rgspéctively.

In an effort to demonstrate the effect of gage effe;ts on the creep deflection,
a third analysis was conducted (curve C) using the skin and corrugation gages of
.0254 em (.0100 in) and .0178 ecm (.0070 in). The constant temperature of 1128K
(1570°F) was applied, allowing comparison with the corresponding predicted deflec~-
tion presented for the thinner gages (curve B). Again considerable variation was
evident in the deflection data for the forward and aft panels tested. Shown in
Figure 3-8(b) is the predicted creep deflection based on the panel edge tempera-
ture distribution defined in Figure 3-6. The panel dimensions, loads, and

temperatures used in the analysis are defined in Table 3-2(a), (b), and (c).

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST
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FIGURE 3-7 RENE'4I ENTRY PROFILE USED IN CREEP PREDICTION ANALYSIS
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FIGURE 3-8 COMPARISON OF RENE'41 PANEL TEST AND PREDICTED CREEP DEFLECTIONS
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DEPTH = .97 cm (.38 in)
PHICOR = 35.1°
1 AT PITCH = 3.63 cm  (1.43 in)
e— PITCH ——| )
l_.awm.,i I FLAT = .71 cm (.28 in)
R R
-t—- _T CURVE TS = .0254 cm (.0100 in)
DEP
B 15 @ TC = .0178 cm (.0070 in)
DEPTH  TC
.CURVES TS = .0216 cm (.0085 in)
@@ TC = .0140 cm (.0055 in)
PANEL LENGTH = 45.7 c¢m (18. 1in)
L’\ PHICOR BWID = 2.62 cm  (1.03 in)
BDEP = .28 ¢cm (.11 in)
(a) Rene' 41 Panel Geometry
PRESSURE TEMPERATURE (CONSTANT ALONG LENGTH)
TIME (MIN) (g;) CURVE @ CURVE CURVE @
(FIG. 3- (FIG. 3-8 (FIG. 3-
_ 1.03
0 - 4.2 (15)
42 - 7.0 %_gg) 1144 K 1128 ¥ 1128 K
. (1600 °F) | (1570°F) (1570°F)
‘ 3.45
7.0 - 8-0 (.50)
(b) Temperatures and Pressures Along Panel Center
PRESSURE TEMPERATURE ~ K (°F)
TIME (MIN) KPa
(PST) =0 X=5.1- | X=10.2 | X=15.2 } X=20.3] X=22.9
_ 1.03
0 4.2 (-15)
' 2.20 1100 1111 | 1111 | 1097 1083 1081
10-2 - 7-0 ( 32)
. (1520) | (1540) | (1540) | (1515) | (1490) | (1485)
7.0 - 8.0 ?: 28)

(c) Temperatures and Pressures Along Panel Edge

TABLE 3-2. GEOMETRY AND LOADING DATA USED IN RENE’ 41 PANEL ANALYSIS
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3.2 GRUMMAN TDNiCr PANEL

Evaluation of TDNiCr, from the standpoint of creep deflections in TPS panels,
represents a different case than the other TPS materials because relatively little
creep 1s evident in this material before failure occurs. Because of these low
creep strains and resulting low test panel deflections, the data have tended to
exhibit a greater amount of scatter.

The TDNiCr panel data evaluated in this section were obtained from Reference
8. The TPS panel tested consisted of a corrugation stiffened TDNi-20 Cr metallic
heat shield backed by a flexible fibrous quartz and radiative shield insulation
system. The test article represents the intersection of two 50.8 cm (20 inch)
square panels as shown in Figure 3-9. Each panel consists of a beaded 0.025 cm
(.010 inch) skin and corrugation. Detail dimensions of the corrugation cross
section, used in analysis for panel deflections, are presented in Figure 3-10.

These panels were tested to 90 cycles of combined pressure and temperature
loading, simulating critical heating and aerodynamic pressure environments
expected during repeated missions of a reentry vehicle. Prior to these 90 cycles,
the panels were subjected to 10 cycles of heating conditions only. Typical
thermal distributions determined during these cycles are included in Figure 3-9
at various locations on the panels.

Entry test profiles (Reference 8) and idealizations used in the analysis are
shown in Figure 3-11. For purposes of analysis these profiles were idealized into
the three constant load and temperature steps shown. These temperatures were
assumed to be constant along a panel length of 47. cm (18.5 in.). Analysis of the
corrugation panel geometry under the idealized loads and temperature profiles was
conducted using the analytical methods developed in Phase II (Reference 2). The

empirical creep strain equation (Table 2-1) developed in Phase I, was used in the

3-16
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FIGURE 3-10 TDNi Cr TEST PANEL CORRUGATION DEFINITION
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analysis to represent the material creep strain response and the time hardening
theory of creep accumulation was applied.

Shown in Figure 3-12 are comparisons of the predicted creep deflections with
measured permanent test deflections. The test deflections are plotted from
initiation of the combined load and temperature cycles for four midspan locations
referenced to the panel geometry in Figure 3-9. A significant variation is noted
in these test data. 1In the reference 8 report the variation was attributed to the
slightly higher temperatures observed at locations A and B. In addition it was
noted that there was a significant increase in permanent deflection at locations
C and D, between cycles 1 and 9. This was attributed to residual stresses, built
into the panel during manufacture and assembly as well as thermally induced loads.
Therefore, there remains some question as to the true amount of creep occurring
between cycles 1 and 9.

The predicted creep deflections indicate a lower rate of creep than observed
in testing. This is attributed to the empirical equation in the stress and
temperature range applied. The analysis showed that approximately 75% of the
creep occurred during the first load-temperature step in the profile (Figure 3-11).
Temperature during this step was 1478K (2200°F) and calculated corrugation outer
fiber stress was approximately 23 MPa (3300 psi). Comparison of Phase I cyclic
tensile creep data with the empirical equation predictions shown in Figure 2-4
also indicate the lower slope of the predicted strains. The wide variation in

creep deflections cannot be predicted, based on the temperature data.
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3.3 GRUMMAN HAYNES 25 PANEL

A Haynes 25 (L605) panel was tested by Grumman Aerospace Corporation and
results presented in References 6 and 7. The panel tested was designated as panel
No. 3 in the references and was segmented, as shown in Figure 3-13, into four
separate test panels. The cross section geometry was single face corrugation
stiffened with a skin bead of approximately 0.25 cm (0.10 in.) depth. These
panels were supported at the ends (simple support assumed for analysis) over a
47.2 cm (18.6 inch) span and subjected to a uniform pressure profile of 2.42 kPa
(0.35 psi). The temperature profile used in the cyclic testing is presented in
Figure 3-14. Also shown is the two step idealized temperature profile used in
the analysis. Panel geometry and dimensions used in the analysis are provided in
Figure 3-13. TFor each of the panels, analysis was conducted for two different
temperature levels because of the cycle to cycle test temperature variations as
indicated in Figure 3-15. The time hardening theory of creep accumulation was

applied in conjunction with the L605 cycle creep empirical equation (Table 2-1)

developed in Phase I.

Comparison of resulting predictions with the Reference 6 experimental data,
shown for the NE and SW panels in Figure 3-16(a) and (b), respectively, show that
the experimental deflections are considerably higher than predicted. No ekplana—
tion of this variation between theory and test has been determined based on the .

data in the reference.
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FIGURE 3-13 PANEL GEOMETRY FOR GRUMMAN HAYNES 25 PANEL TESTS
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FIGURE 3-16 COMPARISON OF PREDICTED CREEP DEFLECTIONS WITH
TEST DATA FOR HAYNES 25 PANELS
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4.0 PHASE III CONCLUSIONS

Comparison of permanent cyclic creep deflections, obtained in testing of full
size thermal protection system panels, with predicted values has met with varied
degrees of success. Prediction capability for L605 and Rene' 41 appears to be

reasonably good, although there is much variation in the test data, even for panels

tested simultaneously to the same temperature and load level. Prediction capabi-

lity for TDNiCr appears to be less accurate although recognition of the low creep
rate of TDNiCr has led to minimization of effort on creep response definition
throughout the program. Predictions for the full size panels are summarized in

Table 4-1, showing that prediction accuracies cannot, in general, be expected to

be better than a factor of two. These pfedictions were made using the time harden-
ing theory of creep accumulation.

Resulting predictions of cyclic creep deflection have been shown to be sensi-
tive to both stress level and temperature. This makes prediction capability more
difficult since variations from cycle to cycle were known to occur but may not
have been defined for each cycle. Such factors as an overshoot in temperaturerfor
6n1y one cycle or a few cycles could significantly increase the total test deflec-
tions attained. In addition, the test panels were generally subjected to other
environments such as high launch phase loading and acoustic environments, which
possibly contribute to redistribution of panel relative displacement and variation

in the data.

41
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TABLE 4-1. SUMMARY OF FULL SIZE PANEL CREEP DEFLECTIONS

RANGE OF PREDICTION AS
TEST PANEL TEST DEFLECTIONS PREDECTION % OF TEST
Cm n AVERAGE
L605 .
(Sec. 3.1.1) CENTER .071 - ,127 .064 647%
30 Cycles EDGE .036 - .066 _ .043 85%
Rene' 41 o
(Sec. 3.1.2) CENTER 127 - i330 .033 1447%
100 Cycles EDGE .076 - .239 114 73%
TDNiCr
(Sec. 3.2) .
.013 - .305 .064 40%
50 Cycles
Haynes 25
(Sec. 3.3)
.170 - .290 .100-.120 487
20 Cycles I
4f- 2
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1.

5.0 THERMAL PROTECTION SYSTEM DESIGN CRITERIA

During the course of Phases I, II, and III of this program several factors
affecting creep of metallic TPS and considerations in the design and analysis of
metallic TPS have been identified. During Phase I (Reference 1) tensile creep

testing was conducted on L605, Ti-6A1-4V, Rene' 41, and TDNiCr specimens under

both steady state and cyclic loading and temperature conditions. Test matrices

were established to provide maximum data throughout the temperature, stress, and

| strain range of interest with a minimum number of tests. Resulting data were

l analyzed to provide empirical equations expressing both steady state and cyclic
creep straln as a function of temperature, stress, and time. Additional tests were.
conducted to evaluate other factors influencing cyeclic creep strain such as the
applicability of creep accumulation theories and effects of test time per cycle
and material thickness. During Phase II (Reference 2) methods_were developed fqr
predicting creep deflections of thin gage metallic thermal protection system
panels subjected to complex temperature and loading environments. Subsize panels,
fabricated from the same material as used in Phase I, were tested to provide data
for analysis verification. In the analysis of these data, factors such as

: sensitivity of the prediction to temperature variations were studied and expected

accuracies were noted. Analysis of full size TPS pénel test data in Phase III

provided additional insight into expected analysis accuracies.

This section summarizes program results in a formag which can serve as a
criteria in accounting for creep in the preliminary design of metallic thermal
protection systems. In addition to specific information obtaiﬁed on this program,

applicable experience based on results from other programs felt applicable to

creep of TPS 1s also included.
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5.1 GENERAL CONSIDERATIONS

Critical Design Conditions

TPS panels must first be sized based on strength and stiffness considerations
over the entire range of flight conditions. The material choice is dictated by
the peak temperatures occurring during entry. Critical design conditions have
generally been found to be peak pressure loads and acouétic loadings occurring at
relatively low temperatures during ascent or cruise conditions. Envelopes of
panel strength and flight conditions such as that demonstrated in Figure 5-1 are
helpful in visualizing the critical conditions for these panels. The example
shows the panel to be critical during cruise where the peak pressure is applied
at low temperatures. The panel strength then exceeds requirements throughout the

remainder of the mission.

Panel Deflections

Deflections which must be considered are elastic deflections of the panel
under applied differential pressure loads, thermal deflections which result from
temperature gradients through the panel depth, and permanent creep deflections
which accumulate throughout the life of the TPS panel. Various allowable deflections
have been established such as those in References 9 and 10 which are shown in

Equation (1) and (2) respectively.

8 .25 + ,01L em D)

e

]

.25 + .04L [(B.S.-30.5)/280] cm (2)
where B.S. = VEHICLE BODY STATION

These equations provide for maximum deflections of .75 ecm and 2.25 cm
(@ B.S5.=787 cm (310 in)), respectively for a 50 cm (20 inch) long panelf Allowable
total deflections must be estabiished for each system based on the thérmodynamic
and aerodynamic requirements.
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The relative importance of thermal deflection has generally not been assessed
in past studies. These deflections will be zero during steady state conditions
where temperatures are uniform through the panel depth. During heating, when the
maximum temperature occurs on the outer surface of the panel, the deflections will

be in the opposite direction from the elastic and accumulated creep deflections.

Panel Replacement and Inspection

In the context of panel deflections, a failure will be an excessive deflection
which requires panel replacement. Requirements for the panel design deflections
will result from trading off refurbishment cost against any weight penalty which
might result from the necessity to resist creep deflections.

It is expected that panels in one area of the vehicle might creep much
faster than in other areas due to particular mission maneuvers, etc. Therefore,
replacement of same panels may be required after each mission. It does not seem
to be desirable or possiblé to optimize these panels from the standpoint of
deflection over the entire vehicle since the mission requirements will provide
considerable variation in applied loadings from one mission to another and from
one location to another location on the vehicle. Visual inspection with spot
centerline measurements, using a simple bar/dial gage tool would be sufficient

to detect excessive deflections.

5.2 DESIGN CONSIDERATIONS -~ THERMAL EXPANSION

One of the primary considerations in the design of TPS panels is that the
panel be allowed to expand freely under thermal loadings. Allowances must be made
for thermal expansion both at the panel joints and on the panel surface.

Expansion is generally accomplished at the joints by fixing the panel at one
end and allowing it to slide longitudinally at the other end. Transverse deflec-
tions are accomplished by slotted holes at both attachment locations and by
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providing for expansion in the longitudinal joints between adjacent panels. Typical
designs can be found in References (3) and (11).

Temperature variations along the panel lengthrdue to the heat sink at the
panel support cause thermal stresses in the transverse direction. During heat up
of the panel, the midspan is hotter than ﬁhe edges at the supports causing com-
pressive stresses at the center and tensile stressés at the edges. These stresses

are reversed during cooldown.

The presence of beads relieves the thermal stresses and prevents thermal
buckling (Reference 12) of the thin skin between stiffeners by allowing the skin
to flex as thermal expansion occurs. Analysis can be used to define required bead

depths. Particular attention should be given to the approach for closing out the

bead near the panel ends. Testing (Reference 3) has shown that cracking can occur
! in the skin at the tips of the beads where the beads are transitioned into a
flat skin. It would be desirable from this standpoint to extend the bead to the

panel ends. This, however, complicates the design at the panel joints.

5.3 DATA REQUIREMENTS FOR CREEP ANALYSIS

During Phase I (Reference 1) testing was conducted under both steady state
and cyclic conditions to evaluate the creep response characteristics of the
materials studied and to provide data for use in the analysis for panel creep
deflections. During these studies considerable effort was directed ét obtaining

the required test data.

Test Matrix - Basic Data Required

One of the objectives in evaluating creep deflections should be minimizing
the required testing, However, it is of interest to cover the complete range of
stress, temperature, time, and strain required to provide an adequate material

response definition for use in the analysis. The analyst does not want to be in
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the position where extrapolation of the avallable data is required.

The range of strain which is required will be dependent upon the criteria
for allowable deflection used. As an example of possible calculations it could
be assumed that creep deflections obtained in testing will be approximately 507%
of those obtained using a linear creep stress-strain assumption. This assumption
tends to account for the redistribution of beam stressed due to nonlinear creep

strain~-stress properties. The assumption is expressed in the following equation:

c E
where: AE = BEAM midspan elastic deflection
eg = Maximum midspan elastic strain (extreme fiber)
AC = Beam midspan creep deflection
€. = Maximum midspan creep strain (extreme fiber)

Applying this equation and assuming an elastic deflection based on a uniform
pressure loading the following equation can be derived for creep strain at the beam

midspan.

€=_2—A£€= 28 WL?=192ACY
c AE E 5 WL4 8 E1 L2
384 EI

Where: W = Beam pressure load
L. = Panel length
E = Elastic modulus
I = Panel moment of inertial
Y = Maximum distance from neutral axis to extreme fiber

For a full size panel of 50 cm length, A, = .75 cm (based on .25 + .0lL cm

criteria), and Y = 1.5 cm, the required creep strain would then be ,86%.
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It is of interest to note that if this calculation was carried out for a
shorter TPS panel, the creep strain required to attain the same creep deflection
is higher because the strain is inversely proportional to the square of beam
length. Therefore, use of a deflection criterion with subsize panels results

in requirements for greater creep strains than would be attained in a full size

— panel under the same criterion.

Test matricies can be established on stress-temperature charts upon which

approximate constant strain lines can be drawn. 1In the Phase I studies (Reference
1) these were based on evaluation of steady state literature survey data. Typical
l designs for the test matricies are shown in Figure 5-2 based on the Reference L605
evaluation. Requirements for the designs include:

(1) Test data should be amenable to development of an empirical creep strain
equation. Applicability of each design for satisfying this requirement can be
checked by generating simulated creep strain data using an available equation,
performing regression analysis, and evaluating the resulting prediction equation.

(2) Test temperatures should cover the range of interest for the material
being tested.

(3) Test temperatures and stress levels should produce creep strains in the

i range of interest.

The designs shown in Figure 5-2(a) and (b) include a simple 3 x 3 factorial
design and an orthogonal composite design. They are described in References 14 and
15. Although both designs satisfy the first requirement (1) above, they may
satisfy the second or third pequirements, in this case as Indicated in the figure.

In addition to these two designs, the design shown in Figure 5—2(5) was also
considered because it provides maximum coverage of the test temperature and stress
range of interest. However, it was subsequently demonstrated that the resulting

prediction equation, based on this design, was a function of time only.
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A fourth design considered is shown in Figure 5-2(d). This design allows
testing over a wide stress and temperature range and evaluation of the design
indicated that an empirical equation can be derived from the resulting data.

For the data range of interest in this program it was found that the design
shown in Figure 5-2(d) was best.

The orthogonal composite design (Figure 5-2(b)) was, however, used in the
Rene' 41 evaluation (Reference 1) where the lines of constant strain were found
to be further apart on the stress temperature plot.

A study of proposed test designs is recommended, using applicable regression
techniques, prior to conducting creep tests.

Determination of Empirical Equations

A very large number of equations are found in the literature which have been
developed over the years to describe the complex physical process of creep. 1In
addition, an infinite number of new relationships (or models) can be formulated.

The description of a new equation involves the determination of the relation-
ship between the dependent variable, strain, and the independent variables, such
as temperature, stress, time, thickness, and orientation. A convenient procedure
for determining this relationship 1is the use of multiple regression techniques.
Two parameters associated with this technique are (1) the multiple correlation
coefficient, R, and (2) the standard error of estimate, Sy' The multiple correla-
tion coefficient is a measure of how well the fitted equation explains the
variation in the data (Reference 15). The closer the value of R2 (or R) is to 1,
the better the equation will fit the data. The standard error of estimate is an
estimate of the variance about the regression line. Therefore, the precision of
the estimate would be considered better the lower the value of Sy' Accordingly,

in the development of the various regression equations that were examined during
5-9
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the program,

values of R a
The deve

an Interative

Step 1 -

emphasis was placed on obtaining equations which resulted in large

nd small values of Sy'

lopment and selection of each predictive equation generally followed
procedure as outlined below:

Select first order independent variables.

Step 2 - Using variables identified in Step 1, form new independent variables

Step 3 -

Step 4 -

for the regression analysis consisting of higher order terms and
interreaction (first and higher order) terms. Many computer pro-
grams are available to perform the regression analysis to determine
the significant variables from the total identified and constructed
in Steps 1 and 2,

Examine the residual of plots of the dependent variable vs. regressed
variables. The residual is the difference between what 1s actually
observed and what is predicted by the regression equation. If the
proper variables were selected, the residual plots will have a
uniform distribution with a zero mean. TIf the proper variables were
not in the equation, then the residual plots tend to take a shape
which indicates if the analysis should be weighted or a different
term should have been used. An in-depth discussion of the examina-
tion of residuals and their significance is presented in Reference
15.

Repeat Step 2 using new variables and compafe R and Sy with pre-
viously established values. Repeat Step 3 (i.e., review of plots

of residuals) and form additional independent variables, if required.

Step 5 - Plot predicted creep responses and compare with experimentally

observed creep curves with particular emphasis placed in identifying
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discrepancies in fit and general form of the predicted surfaces.

Step 6 - If major discrepancies are observed in Step 5, modify and/or add

new independent variables and repeat from Step 2.

In general, the regression analyses will be conducted using the natural
logarithm of strain, lne, as the dependent variable. There are two primary
advantages in using logarithmic strain which are: (1) the model tends to come
closer to minimizing the percentage deviations which is desirable, (2) the model
can be forced to satisfy initial boundary value considerations. For example, the

model

i Ine=A +A, lnc+A, Int
: o 1 2

when transformed to strain becomes

e =e Ao oAl tA2
and if ¢ or t equal zero, the strain is forced to also equal zero., Boundary con-
ditions for the equations should be carefully investigated to insure applicability
to low stress and time ranges required in the TPS panel anélysis.

Another factor to be considered in obtaining empirical creep equations in the
exclusion of high and low strains. By excluding higher strains, a small downward
bias, as shown in Figure 5-3, is introduced in the predictive equations. Likewise,
a small upward bias is introduced into the predictive equation at low strains when
low strains are omitted as is also shown in Figure 5-3.

The justification for removing the low values of creep data is that a
| significantly higher percent experimental error exists in the measurement of these
very low creep strains, and that the standard error of estimate can be dominated
by these large observation errors. It should be noted that a weighted least
squares analysis could also be performed which would account for the large variance

in the low strain regime (Reference 15). However, the complexity of such an

approach is greater. 5-11
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Creep Accumulation Theories

The applicability of creep accumulation theories appears to be the most

significant limitation in the analysis for TPS panel creep deflections. During

== the Reference 1 studies tests were conducted to provide data for evaluation of the

hardening theories. An outline of the test profiles used are shown in Figure 5-4.
The objective in these tests is to vary fhe load as a function of cycle to simulate
the increasing or decreaéing stress which will occur in a panel due to stress
redistribution. Additional tests could also be conducted where temperature would
be changed as a function of cycle since both temperature and load level change
within a cycle is the analysis due to the varying profiles as well as the stress
distribution. Predictions of these tests results can be made using empirical
equations developed from constant stress and temperature cycle test data, allowing

assessment of the various hardening theories.

Additional Factors Influencing Creep

Assessment of other factors affecting creep may also be iﬁportant. These
factors may include material gage, rolling direction, and possibility of material
creep recovery. Evaluation of the effects of atmospheric pressure on creep was
also investigated during the Phase I work but was found to have an insignificant
effect on the materials investigated. Tensile creep tests can be conducted to
assess these effects, if necessary. Steady state tests of specimens at replicape
conditions should generally be sufficient to determine any significant variations
due to material gage or material rolling direction. No recovery effects were
determined for the materials studied based on cyclic tensile testing in Phase I

(Reference (1)).
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: Sensitivity of Creep Strains to Test Accuracy

In conducting tests to assess creep response characteristics of materials,
particular attention should be given to maintaining accuracy, since predictions
of creep deflections have been demonstrated to be sensitive to variations in
temperature and load. Examples of these variations for the empirical equations
of L605, Rene' 41, and TDNiCr are presented in Table 5-1 at a time of 20 hours.
Based on results of Phase II (Reference 2) and Phase III, prediction accuracy

within a factor of 2 should be attainable.

5.4 CREEP DEFLECTION ANALYSIS

Procedures developed for prediction of creep deflections in Thermal Protection
System panels are presented in Reference 2 and Appendix B. Included in these
references are the approaches and assumptions made in modeling the thin gage
panel structures and in performing the analysis to obtain creep deflections. Steps
in the analysis are (a) the development of a linear equation describing the
logarithm of strain as a function of stress, temperature, and time, (b) idealize
the selected loading and temperature profiles into constant steps, and (3) deter-
mine deflections using analysis capabilities of the TPSC computer program. Required
input In terms of panel temperature distributions, panel geometry definition, and
program control parameters are presented in Appendix B. The time hardening
theory of creep accumulation has been found to provide the best predictions
for subsize panel test results (Reference (2)) and is, therefore, recommended for

use in the analysis.
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TABLE 5-1. SENSITIVITY OF CREEP STRAINS TO TESTING ACCURACIES

PHASE Il
SUMMARY REPORT

NAS-1-11774

STRAIN STRAIN
PARAMETERS IN CREEP VARIATION VARIATION
STRAIN CALCULATION STRAIN DUE TO 1% DUE TO 1%
MATERIAL TEMP , STRESS TIME % TEMP, CHANGE | STRESS CHANGE
L605 1144k | 55 MPa 20 HR. .615 14.4 3.0
(1600°F) | (8 KSI)
RENE' 41 1089k | 138 MPa | 20 HR. .270 25.8 2.2
(1500°F) {(20 KsI)
TDNiCr 1478K 35 MPa 20 HR. .076 5.8 2.0
(2200°F) | (L .01y

Selection of "Typical" Profiles

The sensitivity of creep predictions

will be illustrated in this section.

to the temperature profile selection

The curve of creep strain vs. temperature

shown in Figure 5-5 is calculated based on the L605 empirical creep equation

generated from cyclic tensile tests (Reference Table 2-1).

Specific stress and

time for the calculated curve are 55 MPa (8.0 ksi) and 20 hours, respectively.

The table included in the figure shows resulting creep strains at several tempera-

tures.

Also included in the table are the average creep strains over 110K (200°F)

temperature increments (i.e. average of strains at T+55K and T-55K) and the per-

centage errors in creep strain which could result from using the median temperature

in each 110K temperature spread.

Thus, for example, for a temperature range of

1033K (1400°F) to 1144K (1600PF) the average strain would be .362 which 1s 35%

higher than the value .269 predicted at the median temperature of 1089K (1500°F).

This example illustrates the sensitivity of creep strain to temperature and

demonstrates that factors such as this should be considered in selecting typical

trajectory profiles for analysis. Generally, temperatures higher than the median

over the desired range will need to be used in order to arrive at average creep

strains and deflections.

5-16

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST




TP
vEDICHON OF CREEP IN PHASE 1l
METALLIC TPS PANELS SUMMARY REPORT

CREEP STRAIN - %

NAS—1-11774
L5
o BASED ON L-605 CYCLIC CREEP EQN '
t = 20 HRS
o = 55 MPa (8.0 KS)
CREEP | AVERAGE STRAIN
TEMP | TEMP 1 STRAIN | OVER 110K (2009F) *
K F " INCREMENT | VARIATION
uk 922 | 1200 | 0015 - -
o78 | 1300 | 0.042 0.062 4.2
033 | 1400 | 0.109 0.155 42.4
1089 | 150 | 0269 0.362 346
uM4 | 1600 | 0415 0.812 319
1200 | 1700 | 1.35 -
051
0 | ] | N |
0 800 %00 1000 1100 1200 1300

TEMPERATURE - °F

FIGURE 5-5 VARIATION OF CREEP STRAIN WITH TEMPERATURE
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Idealization of Load and Temperature Profiles

Some observations related to idealization of load and temperature profiles
into constant steps have been noted during the program. Observations, based on
comparison of tensile test results in Phase I (Reference 1) and subsize panel data
analysis in Phase II (Reference 2) have indicated that a rather simple representa-
tion of four time steps in these studies resulted in successful analysis. It was
shown that a large number of time steps would not improve prediction accuracy. An

example of the steps used is shown in Figure 5-6.
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CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

The International System of Units (designated SI) was adopted by the Eleventh
General Conference on Weights and Measures in 1960. The units and conversion
factors used in this report are taken from or based on NASA SP-7012, "The Inter-
national System of Units, Physical Constants and Conversion Factors - Revised,
1969'".

The following table expresses the definitions of miscellaneous units of
measure as exact numerical multiples of coherent SI units, and provides multiplying
factors for converting numbers and miscellaneous units to corresponding new numbers
of ST units.

The first two digits of each numerical entry represent a power of 10. An
asterisk follows each number that expresses an exact definition. For example, the
entry "-02 2.54*" expresses the fact that 1 inch = 2.54 x 1of2 meter, exactly, by
definition. Most of the definitions are extracted from National Bureau of Standards
documents. Numbers not followed by an asterisk are only approximate representations

of definitions, or are the results of physical measurements.

ALPHABETICAL LISTING

To convert from to multiply by

atmosphere (atm) pascal (Pa) +05 1.0133*%
Fahrenheit (F) kelvin (K) tk = (5/9) (tf + 459.67)
foot (ft) meter (m) . -01 3.048%
inch (in.) meter (m) -02 2.54%
mil meter (m) -05 2.54%*
millimeter of mercury (mm Hg) pascal (Pa) +02 1.333
nautical mile, U.S. (n.mi.) meter (m) +03 1.852%
pound force (1bg) newton (N) +00  4.448%
pound mass (lbmg kilogram (kg) -01 4.536%
torr (0°C) pascal (Pa) +02 1.333
A-2
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APPENDIX A - Continued

PHYSTCAL QUANTITY LISTING

To convort from

foot2 (ftz)

inch2 (inz)
inch2 (inz)

pound mass/foot3 (pcf,lbm/ft3)
pound mass/inch3 (1bm/in3),
pound mass/inch3 (1bm/in3)

kilogram force (kgf)
pound force (lbf)

foot (ft)
inch (in.)
micron
mil

mile, U.S. nautical (n.mi.)
pound mass (lbm)

atmosphere (atm)
millimeter of mercury (mm Hg)
newton/meter

(psf, 1bg/ft?)
2)

pound/foot2
pound/inch?2 (psi, lbf/in

Fahrenheit (F)

Area

to

meter2 (m2)
meter2 (m2)

cemtimeter2 (cm2)

Density

kilogram/meter3 (kg/m3)
kilogram/meter3 (kg/m3)

gram/centimeter3 (g/cm3)

Force

newton (N)

newton (N)

Length

meter (m)
meter (m)
meter (m)
meter (m)

meter (m)

Mass

kilogram (kg)

Pressure
pascal (Pa)
pascal (Pa)
pascal (Pa)
pascal (Pa)
pascal (Pa)

Temperature

Kelvin (K)

A-3

NAS—1-11774
multiply by
-02  9.290%
-04  6.452%
+00  6.452
+01 1.602
+04  2.768
401 2.768

+00 9.807*

+00  4.448%
-01 3.048%
-02 2.54%
-06  1.00%
-05  2.54%
+03 1.852%
-01 4.536%
+05 1.013%
+02 1.333
00 1.00%
+01 4,788
+03  6.895

£ = (5/9) (t¢ + 459.67)
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To convert from

foot3 (ftd)
inch3 (in3)
inch3  (in3)

PHASE 1l

SUMMARY REPORT

APPENDIX A - Continued

Volume

to

meters (m3)
meter3 (m3)

centimeter3

PREFIXES

The names of multiples and submultiples of SI

the prefixes:

(cm3, cc)

NAS-1-11774

multiply bhv

-02  2.832%
-05 1.639%
-01 1.639

units may be formed by application of

Multiple Prefix
1078 micro (u)
1073 milli (m)
10_2 centi (c)
107t deci (d)
103 kilo (k)
100 mega (M)
10°? giga (G)

s et |
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APPENDIX B

USERS INFORMATION
THERMAL PROTECTION SYSTEM CREEP
(TPSC)

COMPUTER PROGRAM

B-1
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B.1 TINTRODUCTION

The computer program described herein, Thermal Protection System Creep (TPSC),

uses iterative techniques and numerical integration to predict creep strains,
residual stresses, and permanent deflections in stiffened panel structures. This
program was developed jointly under internal MDAC funding and NASA Langley Research
Center contractual funding. Initiated at MDAC in 1971, the program has been con-
tinually modified to increase its capability. Although the TPSC Computer Program
was developed for analysis of creep deflections in thermal protection system
panels, it is applicable to creep analysis in any beam or stiffened plate structure
subjected to bending loads. The TPSC program is written in CDC Fortran IV and is
operational on the MCAUTO/CDC 6000 series computers using KRONOS operating systems.
A flexible, user oriented input format is used. TInput data include panel

geometry and definition of loading and temperature profiles. Panel temperature

distributions along the panel length and through the depth can be input using
either polynomial equation coefficients or tabular input. Temperatures at each
location in the panel are based on these distributions and the input temperature-
time profile data. Also, input are equation coefficients to define material
creep response as a function of time, stress, and temperature.

Program output includes a record of input data and calculated geometrical data
(elastic moment of inertia), trajectory load and temperature data, and creep
equation definition as well as the calculated deflections, creep-strains, and
residual stresses.

The program was developed specifically for analysis of thermal protection

system panels. Therefore, definition of leading structural concepts, corrugation

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST
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stiffened, rib stiffened, and zee stiffened concepts, is incorporated into the
TPSC program. Modeling of the specific panel structural concept for analysis is
accomplished automatically based on overall section input definition. Appropriate

use of input parameters also allows analysis of rectangular and I-beam sections.

An option is provided for including a beaded skin into any of the cross sections
since beads are frequently required in thermal protection system panel designs.
Bending moments are internally defined based on uniform pressure load input
or two point load input. In addition, the moments can be calculated as a function
of panel edge support stiffness and the ratio of panel stiffness in the longitudinal
and transverse directions. This option is based on combining solutions for an
isotropic plate with two sides siﬁply supported and two sides elastically supported
as offered by Timoshenko (Reference 4) and the solution for an orthotropic plate
with four sides simply supported as offered by Lekhnitskii (Reference 5). This
option provides a first order approach to account for Poisson's effects in

orthotropic plate structures.

Sensitivity of predicted results to the number of elements defining panel
cross section and the number of stations defining panel length has been investigated
with the goal of providing guidelines for minimizing required computer time.
Computer time increases almost linearly with number of analysis steps specified.

The minimum number of stations along the length and elements through the depth which
can be used to maintain good prediction accuracy have been defined.

The TPSC computer program provides needed capability for prediction of perma-
nent deflections, due to creep, in entry vehicle metallic thermal protection
gystem panels. Application is also envisioned in other structures where creep

deflections may be important such as in missile structures and nuclear reactors.

B-3
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B.2 METHOD OF ANALYSIS

Within the TPSC program the panel length is divided into i stations over
which bending moments are assumed constant and the panel depth is divided into 3j
elements over which stresses are assumed constant as indicated in Figure B-1.

Using the assumption of a linear total elastic plus creep strain distribution

through the depth, the neutral axis and structural rotation are systematically

varied at each station and time step to determine the unique stress distribution
which satisfies both force and moment balance requirements. At each point in the
panel the creep component of total strain is determined based on either the time
hardening or strain hardening theory of creep accumulation applied in conjunction
with input analytical expressions defining material temsile creep response as a
function of stress, temperature, and time. Residual stresses are calculated at
each time step by subtracting the elastic stress from the total calculated stress.
These residual stresses are used at initiation of analysis for the next time step.
Analysis proceeds through all the time steps at each designated station along the
panel iength, accumulating and storihg structural rotations, creep strains, and
residual stresses. At the completion of analysis, rotations are numerically
integrated to determine creep deflections.

The following assumptions are made in the analysis:

(a) Only bending stresses are considered in the analysis. Deflections due

to shear are assumed negligible.

B-4
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FIGURE B-1. PANEL REPRESENTATION FOR ANALYSIS

B-5

MCDONNELL DOUGILAS ASTRONAUTICS COMPANY = EAST

NAS-1-11774




TP
WENCTION OF CREEP IN PHASE Il NAS—-1-11774
METALLIC TPS PANELS SUMMARY REPORT

(b) Strain distributions through the panel depth are linear.

(c) Creep response equations, defined by the user, are assumed to be appli-
cable for both tensile and compressive stresses.

(d) Load and temperature distributions and calculated deflections are
assumed symmetrical with respect to the panel centerline (X = a/2).

(e) Panels are thin gage. (Although the analysis is not restricted to thin
gages, the approach for modeling specific section geometries incorporated
into the program has been based on this assumption.)

Approaches used for important program calculations are presented in this

section. The general analysis flow is shown in Figure B-2 for reference purposes.

B.2.1 Geometry Definition

Analysis capability for three thermal protection system structural concepts;
rib stiffened (INDGEO = 1), corrugation stiffened (INDGEO = 2), and zee stiffened

(INDGEO = 3), 1is incorporated into the TPSC program. The number of stiffeners

across the panel width are defined by NRIB, NCOR, and NZEE for the rib, corrugation,

and zee stiffened concepts, respectively. A skin bead in either the positive y or
negative y direction can be included in the cross sections at the user's option
(INDBD = 1). The direction of the skin bead is specified by the sign of the input
bead radius (BRAD) where a + sign designates the bead in the + y direction from

the skin., Geometry of the TPS cross sections and skin bead, defining program input
variables, are shown in Figure B-3.

The approach for modeling the rib stiffened, corrugatioﬁ stiffened, and zee
stiffened subsize TPS panels is shown in Figure B—4, The number of stations in
half the panel length are defined by input variable NSTAT. This is defauited to 6
when not input by the user. The number of elements through the panel depth is

defined by input variables NSECT and SEC, These are both defaulted to 10
B-6
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INPUT
]
INITIAL CALCULATIONS
o GEOMETRY DEFINITION (2.1)
o LOAD DEFINITION (2.2)
o TEMPERATURE DEFINITION (2. }
o ELASTIC PROPERTIES (2.4
INITIALIZE ROTATION AND (2.5)
— NEUTRAL AXIS
- - CALCULATE STRAINS AT EACH ¥§  (2.5) |
ITERATE FOR STRESS AT
A &4 0 & EACH Y{ APPLYING TIME
HARDENING OR STRAIN HARDENING
THEQRY OF CREEP ACCUMULATION  (2.6)
REVISE FORCE BALANCE
ASSUMED CHECK
NEUTRAL FYo
AXIS b
(2.7)
MOMENT BALANCE
REVISE CHECK
ASSUMED N
ROTAT ION 2 M Mup 1D
(2.8)
CALCULATE (2.9)
o RESIDUAL STRESS
o CREEP STRAINS
INCREMENT
TO NEXT ANALYSIS COMPLETE
TIME STEP FOR ALL TIME STEPS
t +at AT Xy
INCREMENT
TO NEXT ANALYSIS COMPLETE
BEAM STATION AT EACH BEAM STATION
Xin %

INTEGRATE FOR DEFLECTIONS
(2.10)

4

ouTeuT

FIGURE B-2 TPSC PROGRAM ANALYSIS FLOW
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> ‘ X/
A
T
R
I T
SINGLE SKIN CORRUGATION PANEL SECTION RIB PANEL SECTION

S
L
~

BEAD SECTION
Z PANEL SECTION

FIGURE B-4 STRUCTURAL MODELING OF PANEL AND CROSS SECTIONS
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when not input by the user. Two variables (fixed point (integer) and floating
point (real)) are used in order to make the program as machine independent as
possible. The assumption of thin gages allows skin and horizontal stiffener
sections (e.g., skin) to be defined as individual elements. Vertical portions of
the stiffeners (e.g., ribs) are divided into AY elements based on the input total
number of elements (NSECT, SEC) minus the number of horizontal elements. There-
fore, for example, the calculation for AY for the corrugation concept is AY =
[DEPTH-TS~2(TC)]/(NSECT-3). For beaded skins five additional elements are added
into the cross section as shown in Figure B-4. Centroids and areas of the cross

-

section increments are used in all subsequent program calculations.

B.2.2 Load Definition

Panel bending loads are calculated based on input pressure (PRESS) or point
loads (PLOAD) for each time step in the mission profile. These are selected by
inputting INDLOD=0 for pressure load and INDLOD=1 for point loads. Calculations of
beam bending moments under the pressure and point load options are shown in Figure
B-5. Input XLGTH and PANWID values correspond to a and b respectively. All applied
loads are assumed symmetrical about the panel centerline. Units for PLOAD are Lbs
or Kg where the input value is the total panel load. Input pressure units are
Pa/cm2 or Lbs/inz. The panel width is included in the pressure loading calcﬁlations
to yield the total panel bending moment at each beam station. The option for apply-
ing point loads to the panel. was specifically included to allow analysis of subsize
panel test data (Reference 2). For this type of loading the distance (ALEN) from
the support to the point of load application is input. Analysis for a single midspan
point load can be implemented by making ALEN equal to one half of the panel length,

For panels loaded with a uniform pressure, an option is included for modifying
the bending distribution (INDPLA=l) to account for plate effects. The plate option
provides a first order approach to account for Poisson's effects and edge stiffness

B-10
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(a) PRESSURE LOADS (SIMPLE SUPPORTS)

XLGTH -

PRESS, p

— x

M= &Egs___ (XLGTH(X) - XZ) (PANWID)

(b) TWO POINT LOADING (SIMPLE SUPPORT)

XLGTH -
e— ALEN —— ___PLO’Z\D lPLOIZ\D
| i |
i—b X
_ PLOAD
Mo-aLen = — 2 X

_ PLOAD
MALEN-XLGTH/2 = — 2 (ALEN)

Figure B-5. LOAD OPTIONS

B-11
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effects in orthotropic plate structures by combining solutions for an isotropic plate
with two sides simply supported and two sides elastically supported as offered by
Timoshenko (Reference 4) and the solution for an orthotropic plate with four sides
simply supported as offered by Lekhnitskii (Reference 5). This option is restricted

to panels where b2a and D1>D2 (Figure B-1). The value D, 1s calculated in the pro-

1

gram., Stiffness in the transverse direction (DZ) can be Input (using the variable
2

DETWO) or calculated, based on skin thickness as (TS)3/12(l—v) . The parameter )

defining the relative stiffness of the edge support and the panel is calculated as

A= ESTIFF/aDl where ESTIFF is the input support stiffness along the edges Z = + b/2.

Panel midspan (Z=0, X = a/2) bending moments for typical b/a values are shown
in Figure B-5(a) and B-5(b) as functions of the quantities X and D;/Dy respectively.
These solutions are combined in the analysis by assuming that the variation of
moment as a function of A, will be applicable at all Dl/D2 values. This assumption
is felt to be justified because it is exactly applicable at D1/Dy = 1 (isotropic
panel) and any variations at other D1/Dy will be a small portion'of the total moment
since values are constrained in a narrow range (Figure B-5(b)).

In computing the midspan moment M, the moment M; for the orthotropic plate with
four sides simply supported (Figure B-6(b)) is first calculated. This moment is
then increased based on the degree of edge support using the calculated moment Mp
for an isotropic plate (Figure B-6{(a)). The solution for M (Figure B-6(b)) is then
calculated based on the relationship that the increase in moment (M—ML) toward

.125 pa2 will be proportional to the increase (MT - MT ) due to panel edge

=
stiffness.
This results in the equation
Mo Moy
1250 - Mg, My - My
A=0 A=e

B-12
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.04 1

5 10 50 100

D]/D2

(b)

LEKHNITSKIT SOLUTION - MIDSPAN MOMENT

o

10

(a) TIMOSHENKO SOLUTION -MIDSPAN MOMENT

FIGURE B-6 PLATE BENDING MOMENT SOLUTIONS
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which yields

M= + T MT}‘=°°
= ML (.1250 - M.L) MT — ®-1)
T

A=0 A=

Moments along the panel length are calculated based on ratioing the beam bending

moment distribution (Figure B-5(a)), using the equation B-1 value at midspan.

B.2.3 Temperature Definition

Panel temperature distributions are defined by input of the panel midspan
skin temperatures at each mission time step, the distribution of temperature through
the panel depth, and the distribution of temperature along the length. Normalized
temperature distributions, referenced to the midspan skin temperature, are input,
as indicated in Figure B-7(a). The midspan skin temperature (TEMP) is input for
each trajectory time step (DXTIME) up to the number of steps (NTIME). Distributions
through the panel depth and along the length are defined by either of the following
approaches.

(1) A table lookup routine is included in the program to calculate Tx and
Ty as functions of X and Y, respectively, based on tabular input. The distribution
along the panel length (INDTFL = 1) and through the panel depth (INDTFD = 1) are
input using the variables XTEMP and YTEMP, respectively. Temperatures (normalized
to 1.0 at the midspan skin) are input to define these distributions as shown in
Figure B-7(b). The distribution Ty is assumed to be the same at each location
along the panel length. Temperature is calculated, at each point in the
panel, as the product of TEMP (function of time), T, (function of length), and Ty
(function of depth). Ty and Ty are determined using linear interpolation between
input points as shown in the figure.

(2) Temperature can be defined by the input of coefficients (C and D) to the

following polynomial equations.

MCDONNELIL DOUGLAS ASTRONAUTICS COMPANY = EAST
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T = TEMP (Ty ) (Ty)

(a) Temperature Defined as Function of Panel Length and Depth
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(b) Linear Interpolation for Temperatures
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(c) Linear Interpolation for Elastic Modulus

FIGURE B-7 PANEL TEMPERATURE CALCULATIONS
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T.=¢C, +C.X+¢C x2 + C x3 B-2)
x_ 17 %2 3 4
T. =D, +D.Y +D. Y* + D Y3 ®-3)
Y 1 2 3 4

For this option the control variables INDTFL and INDTFD are defaulted to O.

For temperatures defined by either of these options the control variable ITCON
must be set equal to O.

Elastic modulus data, for use in the analysis, are defined as a function of
temperature by either of the same two approaches described for defining temperature
distributions.

(1) For using the table lookup routine, modulus and temperature data are input
in tabular form using the input variable ETEMP, as shown in Figure 2-7(c). For this
option the control variable INDMOD is input as 1.

(2) The modulus can also be defined by equation coefficients (ECOEFF) to the

equation:

E = ECOEFF1 + ECOEFFZ(T) + ECOEFF3(T2) + ECOEFF&(T3) @® -4)

B.2.4 Elastic Calculations

Elastic stresses (oe), strains (ee), and rotations (ee) at each station as
well as the section neutral axis (?;) and moment of Inertia (I) are calculated as
follows,where the subscript j represents element location in the cross section

(Figure B-4)

NSECT
A, Y
E i3
y =41=
€ NSECT
(B-5)
E A,
j
j=1
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= NSECT NSECT
- z : 2 22 2 "
. I = A, Y, - Y A.
J 3 h| B-6)
- j = 1 j = 1
M, (Y -Y)
, o, = i eI hi ®-7)
3
e, =0, /E (E = elastic modulus) (B-8)
5 i
M, AX
i -
% TE T ®-9)

In the moment of inertia calculation, the moments of inertia of individual j
elements, about their own neutral axes, have been found to be negligible and have

not been included.

B.2.5 TIteration for Stress

At each beam station (Xi) the incremental rotation due to creep (ec) and

neutral axis (Y) are initialized as

= ec = ee (B—lO)
Y =Y
e

Based on these values, the initial total strain assumed at each Y element (Yj) is
calculated, using the linear total strain assumption

ep = (8, +6,) ¥ - Yj)/AX (B-11)
h|

B-17
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For each j element through the cross section there is a unqiue value

of stress (0,) which satisfies the equation:

3
+
95 7 °RESIDUAL
e =+ ] (B-12)
T, c E
k| A
i h
where GRESIDUAL is the residual stress based on results from calculations in the

j

previous time step (zero for the first step) and E is the material elastic modulus

at the element temperature,

The incremental creep (Ec,) is a function of stress, temperature, time,
]
and incremental time step based on the input creep strain equation (Section B.3.7)
applied in conjunction with the hardening theories. Calculations of e, as a
function of stress, strain, temperature, and time for the strain hardening and
time hardening creep accumulation theories are discussed in Section B.2.6.

In determining the value of stress at each element which satisfies Equation
B-12, assumed stresses (designated by the subscript £) are systematically varied
and corresponding strains (EZ) are calculated. The subscript 2 has been added in
this section to designate stresses and strains calculated in the iteration process.,
The subscript j is applied to the final stresses determined at each element. The
initially assumed value of stress a, (& = 1) is that obtained from analysis in the
previous time step (elastic stress for the first time step). The assumption for

the second value of 02 (2 = 2) is dependent on the value of Gl and the relationship

between € and the calculated strains €, (el for £ = 1) as follows:

3

B-18
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(a) o,y
(b) Oy
(c) g,
(d) o,
(e) g,
(£) g,

Subsequent values of o

where SLOPE = (o

PHASE Il NAS—-1-11774
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= -100. psi. for (cl = 0. and er <sl)
J
= +100. psi. for (ol = 0. and eTj >el)
= 2 (ol) for (ol<0. and e1>0. and eTj <el)
or
(Ul>0. and el>0. and eTj >e1)
1 (B-13)
=0, + |01| for P <.1 and ET,>O
T, h|
]
€
=0, - |ol| for El' <.l and ET,<O
T, ]
J
eT. €,
=g —i for — »>.1
1 €1 Er
3
are calculated by applying the equation
=0, ;+t (e - €, ;) SLOPE (B-14)

3

g1 = T2/ (ey 3 = Ep )

The process which is representative in Figure B-8 is continued until the stress is

determined such that

Ep

—1 _ 1. <.001

)

An analysis proceeds through each time step the neutral axis and rotation are

initialized as equal to

those calculated in the previous time step.

B-19
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B.2.6 Hardening Theories

The time hardening and strain hardening theories of creep accumulation are
provided in the TPSC program. These are selected through input of the control
variable HARDOP = 1 and HARDOP = 2 respectively.

The time hardening theory of creep accumulation is based on the assumption
that the creep rate is dependent upon the total time under load. This approach
for calculation of incremental creep strains is shown in Figure B-9(a). Stresses
are iteratively determined at each time step based on input creep strain equations.

The strain hardening theory of creep accumulation is based on the assumption
that the creep rate is dependent upon total accumulated creep strain. This approach
for calculation of incremental creep strains is shown in Figure B-9(b). Additional
calculations are required under this option to determine the effective time, for
which the given value of strain applies, at a new stress and/or temperature.
Therefore, this option requires more computer time (Reference Section B.6). To
facilitate analysis of mission profiles, a maximum time cutoff (TMAX) is input to
prevent application of the creep equation beyond its range of applicability. For
times beyond this time cutoff, the equation creep rate is assumed constant for each

stress and temperature as indicated in the figure.

B-21
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B.2.7 Force Balance Requirements

Having solved for stresses at each of the j element locations, the check for

a zero force balance on the créss section is calculated as
NSECT

F = (B-15)
Z %5 A5

j=1

Based on the resulting sign (plus or minus) of F the neutral axis location is changed

by'I AY. That is, for example, if the neutral axis is located toward the tension
side of the panel, resulting in an overall net compresssion load (F = negative),
then the neutral axis must be moved toward the compression side (+Y direction).
Strains and stresses are then recalculated. This process is continued until the
sign of F changes, at which time the neutral axis location is calculated by linear
interpolation using the equation

[Pl G Y )

Y=Y - m-1 ®-16)
[P b+ IF

where m is a subscript used to designate the final two axis locations and associated
force summations in calculating Y. This process is indicated in Figure B-10. It
should be noted that the neutral axis location is not constrained to coincide with

the Y, element centroids.

3
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FIGURE B-9 HARDENING THEORIES FOR CREEP ACCUMULATION
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B.2.8 Moment Balance Requirements

After force balance is attained at the cross section the check for moment

balance at the station is calculated as
NSECT

My = z : oy &y OV =¥))] (B-17)

=1

The second estimate of 9§ is

M

Subsequent assumed rotations are calculated based on the equation

- M (0,.1 -e -
6 -1+ Capplied ~M-1). Zn-l ~0y-2) (B-19)
Mp-1 Mp-2)

as depicted in Figure B-11 where n is a subscript used to designate the assumed

rotations and associated moments calculated. Each M is compared to M . .
n applied

Balance is established when

IMH MapRliedl

<.001
Mapplied

The value of .001 for moment balance covergence was established to provide

good solution accuracy within reasonable computer run times.
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FIGURE B-11 MOMENT BALANCE ITERATION APPROACH
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af2

FIGURE B-12 APPROACH FOR CALCULATION OF DEFLECTIONS ’
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B.2.9 Calculation of Creep Strains and Residual Stress

Once force balance and moment balance have been established the residual

stresses and creep strains are calculated at each j element as

GRESIDUALj = °ej "9 (B-20)

and
¥ - Y,) ORESIDUAL.

- — = - J
sc €T €e. ec AX E

3 3 3 (B-21)

In addition to calculation of residual stresses and creep strains for output
purposes, these values are retained for use in subsequent analysis. Creep strains
are required for use in strain hardening analysis and residual stresses are added

to elastic stresses for initiation of the next analysis time step.
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B.2.10 Deflection Calculations

Structural creep rotation (ec) and elastic rotations (Se) are calculated as a
function of time and stored for use in numerical integration calculations for
deflections.

These deflections are calculated at each station (subscript i), according to
the following equations where NSTAT is the total number of beam stations in half

the beam length and n is a dummy variable used to designate the beam stations

i - NSTAT
(1=1to & = E _O_n_J_’_O_m_l +01+1 X, X, E 6 (B -22)
NSTAT-2) i 2 %t n
n=1 n = i+2
.
, vo o
(1=NSTAT-1) 5 = z 00 o _NSTAT )
X, —5— X 2 XnsTAT-1 (B-23)
n=1
i
B_+0 8
§, = n ntl NSTAT
[ = 172 x o+ /A0 B-24
(1 = NSTAT) X, Z 2 n 2 XNSTAT-1 (B-24)
n=li

Values of 8 are either elastic rotations or creep rotations for calculation
of elastic deflections and creep deflections respectively. Shown in figure B-12 is

a sketch of the rotations and midspan deflection (EQN B-24) for a beam with

NSTAT = 3.
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B.3 PROGRAM INPUT

The TPSC deck consists of control cards, the TPSC source deck, and input cases.
End of record (EOR) cards terminate the control card deck and source deck and an
end of information (EOI) card terminates the job deck. Deck setup is shown in
Figure B-13. The program requires 102K of core to load and 72K to run under the
KRONOS 2.1 operating system.

Input cases are stacked behind the source deck in the deck setup. The first
card of each case must be a case identification card. Information listed in
columns 1 through 50 on this card will be printed as a heading in the output for
that case.

"namelist" format. This

The remainder of data is input using a user oriented
input follows the identification card for each case, The first card following the
identification card must have a $§ in column 2 followed immediately by the name CREEP
with no embedded blanks. Succeeding variables are read until a second $ is
encountered. Input variables are defined following the first $. All except the
last variable must be followed by a comma and the first column of each card is
ignored. Constant fields may not include imbedded blanks. Blanks, however, may
appear elsewhere in data records.

Examples of the input data are shown in figure B-14. Values for variable names
beginning with the letters I, N and K are input without decimal points. Commas
must immediately follow these values. Subscripted variables such as PRESS(N) are
input as PRESS(1) = followed by the values for PRESS (1), PRESS (2), PRESS (3), etc
(see example problem 2).

The general table lookup routine used in defining temperature distributions
(XTEMP(N) and YTEMP(N)) and elastic modulus data (ETEMP(N)) requires special input

considerations. Example input for XTEMP(N), is shown in figure B-14. This is typical

also for YTEMP(N) and ETEMP(N). The values 0., 1., K, 0., Xl’ X2""‘Xk’ Tl’
B-30
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T2""'Tk are input following the variable name XTEMP(l) where K is the number of
sets of location-temperature data (section 2.3), Xl""°Xk are the corresponding
1,....Tk are the associated normalized

temperatures. The first, second, and fourth values (0., 1., 0.) are required input.

locations along the panel length, and T

Listings of the input variables for the TPSC program are given in Tables B-1

through B-7. For variables where default values are provided, no input need be made
eXcept to use options other than those provided for by the default. Example problem

inputs are given in Section B-8.
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Table B.1 [INPUT FOR ANALYSIS CONTROL

DEFINITION INPUT VARIABLE INPUT VALUE
NAME

——— e |

Option for Elastic INDELA
Analysis (Ref. Section B.2.5)
® Creep and Elastic Analysis
° Elastic Analysis Only

(Default)

-

Number of Analysis Cases NEWCAS
(Input in First Case Only)

—_

(Default)

Option for Creep Strain _ HARDOP
Accumulation Theory (Ref.
Section B.2.4)

° Time Hardening

° Strain Hardening

(Default)

N —

Maximum Time (Hours) TMAX
This Input Required When
HARDOP = 2. (Ref. Section B.2.4)

Option for Linear Creep Stress- INDSTR

Strain Below Stress = 1.

° Creep Equation Used (Default)

° Linear Stress-Strain
EQN Override

— O

Option for TPS Panel Cross INDGEO
Section Geometry (Ref.
Section B.2.1)

° Rib,

° Corrugation

° Zee

w Ny —

Option for Incorporating INDBD
Beaded Skin into Geometry
(Ref. Section B.2.1)
° No Bead 0 (Default)
° Bead Included 1

Number of Stations Along NSTAT ' 6 (Default)
Panel Length Used In The Analysis
(Ref. Section B.2.1)

Number of Sections SEC 10. (Default)
Through Panel Depth Used in NSECT 10 (Default)
The Analysis (Ref. SectionB.2.1)
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INPUT FOR ANALYSIS CONTROL (Continued)

DEFINITION INPUT VARIABLE I INPUT VALUE
NAME

Option for Units Of Time In ITIME
Input Creep Equation

° Hours 0 (Default)
° Minutes 1

Option for Units of Temperature IEQNTP
In Input Creep Equation

°  °K/1000. 0 (Default)
° °F/1000.

pum—l

Option for Units of Stress In TEQNST
Input Creep Equation

° MPa 0 (Default)
° KSI 1

Option for Temperature Input I INTP

Units
° °K 0 (Default)
° °F 1

Option for Pressure And Load ILOAD

Input Units
° Pa, KILOS 0 (Default)
° psi, Lbs. 1

Option for Dimension Input Units IDIMEN

° cm. 0 (Default)
° 1in. .

—

Option for Input of Initial IRESID
Residual Stresses

° Initial Values = 0. 0 (Default)
° Values Input

pu—l

Initial Residual Stress Values RESSIN (I,J)
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Table B-2 INPUT FOR OUTPUT CONTROL (Ref. Secticn B.1)

PHASE 1l
SUMMARY REPORT

NAS-1-11774

DEFINITION

INPUT VARIABLE
NAME

INPUT VALUE

Option For Printing Creep
Deflections at Each Trajectory
Step In First Cycle

° Print Not Req'd.
° Print Req'd.

INCYC

T (Default)

Total Number of Cycles at Which
Creep Deflection, Creep Strain,
and Residual Stress OQutput Are
Desired

NUMCYC

Cycle Numbers at Which Output Is
To Be Printed.

KCYCLE (N)
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Table B-3 INPUT FOR PANEL GEOMETRY DEFINITION (REF, SECTION B.2.1)

INPUT VARIABLE

DEFINITION NAME INPUT VALUE
-
Panel Unsupported Length XLGTH
Panel Width PANWID
Panel Cross Section DEPTH
Stiffener Spacing PITCH
Panel Skin Thickness TS
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INPUT FOR RIB-STIFFENED CROSS SECTION (REF. SECTION B.2.1)

(INDGEO = 1)
DEFINITION INPUT VARIABLE INPUT VALUE
NAME
Rib Thickness TR
Number of Ribs Across NRIB
Distance From Quter Panel RIBFLG
Rib to Panel Edge
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INPUT FOR CORRUGATION STIFFENED CROSS SECTION (REF. SECTION B.2.1)

(INDGEQ = 2)
DEFINTION INPUT VARIABLE INPUT
NAME VALUE
e ——— ;—:i
Corrugation Thickness TC
Number of Corrugations Across NCOR

Panel Width

Corrugation Angle PHICOR
Corrugation Length in Contact FLAT
With Skin

Edge Distance in Excess of EDGE

Normal Pitch Length
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INPUT FOR ZEE STIFFENED CROSS SECTION (REF. SECTION B.2.1)

(INDGEO = 3)
DEFINITION INPUT VARIABLE INPUT VALUE
NAME
ZEE Thickness TZEE
Number of Zee Stiffeners NZEE
Across Panel Width
ZEE Stiffener Flange ZEESF
Dimensions
ZEESF1
ZEEFF
ZEEFF
Panel Edge .Distance ZPNED1
ZPNED2
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INPUT FOR SKIN BEAD GEOMETRY (REF. SECTION B.2.1)

(INDBD = 1)
INPUT VARIABLE INPUT
DEFINITION NAME VALUE
| —
Bead Width BWID
Bead Depth BDEP
Bead Radius BRAD
(Sign of BRAD Indicates
Positive or Negative Bead
Direction)
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Table B-4  INPUT FOR TRAJECTORY AND LOAD DEFINITION
(REF, SECTION B.2.2)

INPUT VARIABLE

DEFINITION NAME INPUT VALUE
== — — ——————— =ﬁ
Option For Type of Applied INDLOD
Load
° Uniform pressure 0 (Default)
° Point loads 1
Number of Time Steps in NTIME

Trajectory Idealization

Time at End of Each Trajectory DXTIME (N)
Time Step

Pressure Load at Each PRESS (N)
Trajectory Time Step

(INDLOD = 0)

Point Load at Each Trajectory PLOAD (N)

Time Step (INDLOD = 1)

Distance from Beam Support to ALEN
Applied Load (Input for
INDLOD = 1)

Number of cycles to Be Analyzed NCYCLE

Option for Plate Bending Moment INDPLA
Calculations
° Analysis based on beam 0 (Default)
loads 1
° Plate moments used in
analysis

Stiffness of Panel Edge Support. ESTIFF
(Moment of inertia). Input for
INDPLA = 1.
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INPUT FOR TRAJECTORY AND LOAD DEFINITION (Continued)

DEFINITION

INPUT VARIABLE
NAME

INPUT VALUE

| —————

Option for Inputing Panel
Stiffness in Transverse
Panel Direction (Moment of
Inertia Per Inch Of Panel

Length)_ 1s3/12 (1-v)2

° 1 s input

INDD2

0 (Default)

=ﬁ

Value of Input Transverse
Panel Stiffness

DETWO
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TABLE B-5 INPUT FOR PANEL TEMPERATURE DISTIRBUTION
(REF. SECTION B.2.3) '

DEFINITION

INPUT VARIABLE
NAME

INPUT VALUE

Midspan Panel Skin Temperature
At Each Trajectory Time Step

TEMP (N)

Option for Temperature As A
Function of Panel Length

° Temperature constant along
the panel length
Temperature variation
along the panel length
defined by equation
coefficients
Temperature variation
along the panel length
defined by Table Tookup

o

INDTFL

0 (Default)
0

Equation Coefficients for
Temperature Distribution along
Length

c(1)

Temperature Distribution along
Length Defined by Table Lookup
k = number of points in

Table

XTEMP(1) =
0.,1.,k,0.,
X1,k, Tx1,k

Option for Temperature As A
Function of Panel Depth
° Temperature constant
through the panel depth
° Temperature variation
through the panel depth
defined by equation
coefficients
° Temperature variation
through the panel depth
defined by Table Tookup

INDTFD

0 (Defau1t)
0

Equation Coefficients for
Temperature Distribution
Through the Panel Depth

D(1)
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INPUT FOR PANEL TEMPERATURE DISTRIBUTION (Continued)

INPUT VARIABLE INPUT VALUE
DEFINITION NAME
- Temperature Distribution YTEMP (1) =
= Through Depth Defined By
— Table Lookup 0.,1.,k,0.,
k = Number of points in Y1,k, Ty1.k
Table ’
Temperature Variation in | ITCON
Panel
° Constant over Panel 1 (Default)
® Variation defined by
equation or Table
Temperature Variation in NTCON
Trajectory
° Constant 1 (Default)
° Variable 0
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TABLE B-6 INPUT FOR MATERIAL PROPERTY DEFINITION

(REF., SECTION B.2.3)

DEFINITION INPUT VARIABLE INPUT VALUE
NAME
Poisson's Ratio XNU
(Req'd. if INDPLA = 1)
Option for Definition of INDMOD
Elastic Modulus Data
® Constant modulus 0 (Default)
® Modulus defined by 0
equation
® Modulus defined by 1
table Tookup
Equation Coefficients for ECOEFF (1)
Elastic Modulus as Function
of Temperature
Tabular Data for Elastic ETEMP (1) =
Modulus as A Function of
Temperature 0., 1., k, 0.,
T E
1,k, "1,k
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TABLE 8;7 INPUT FOR CREEP PROPERTY DEFINITION

Material creep properties are defined through the input of coefficients

(Z) to the Tinear equation

Ine= Z] X] + Z2 X2 + Z3 X3 .00 + ZN XN
or (B-25)
€=exp (Z] Xp+ L X v Iy X+ + 7y xN)

In this equation, the value of X4 is defined as 1 and X2 through
XN are terms in time (t), stress (o), and temperature (T) listed in

table B-7 section. Only the terms required need to be input.
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TABLE B-7 INPUT FOR CREEP PROPERTY DEFINITION

(CONT INUED)
CREEP
EQUATION TERM
COEFFICIENT NAME LOGARITHMIC FORM EXPONENTIAL FORM
= — —
Iy
Z(1) Zy e
2(2) Zyo el20
Z(3) Z3T o237
2(4) Z4t eZ4t
] Zc /T
2(5) Z5(¥) 5/
A
2(6) Zg nt t°6
2(7) Z; no ot
2(8) Zg InT 128
2
Z(9) 202 e?9
2(10) 71003 o103
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INPUT FOR CREEP PROPERTY DEFINITION (Contiru-.)

CREEP
: EQUATION TERM
3 COEFFICIENT NAME LOGARITHMIC FORM EXPONENTIAL FORM
: = =
g ' 2 T2
: 4 1 Iy
| (11) 1 (7) e
1,3 Zp,T3
2(12) 2, (1) e?12/
Z(13) Z1 30T e Zy30T
o Z14(o/T)
Z(14) ZM(T) e
Z(15) 715(oT)2 (Z15(T)?
2(16) 2,6 (oT)3 £16(aT)3
2
z
| 2(17) 217($)2 e"17(e/T)
3
2(18) 71(3)% ef18(°/T)
: In
z(19) Z19 (1no)? oF19"
3 Zzo(“\c)z
Z(20) Z70 (Ino) o
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INPUT FOR CREEP PROPERTY DEFINITION (Continu~")

NAS-1-11774

CREEP
EQUATION TERM
COEFFICIENT NAME LOGARITHMIC FORM EXPONENTIAL FORM
=
z
Z(21) Z,1 olnT T2lo
2(23) Zy3 InglnT olpzinT
Z,,T
Z(22) 272 Tino o 22
7(24) ZygtoT oL28toT
2
2(25) Zye (tcT)2 e225(toT)
3 Zpg(toT)®
2(26) Zyg (toT) e~26
2(27) 7, t2 Z7t”
27 €
3 Z,qt3
2(28) Zygt et28
2(29) Zyg(1nt)? tf29!nt
2
230(1nt)
2(30) Zyp(Int)> ¢
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CREEP
EQUATION TERM
COEFFICIENT NAME  OGARITHMIC FORM EXPONENTIAL FORM
2
ZoqT
2
Z(31) 73T e 31
3
(32) 23,73 ef32T
Zo21nT
Z(33) Z33(1nt)? 733"
Z34(1nT)2
Z(34) Z34(1nT)3 T
: ‘ Z
Z(35) Z3501nt t 359
Za6T
Z(36) Z3gTInt ¢~ 36
Z37t
2(37) ZyytIng o 37
Z3gt
Z(38) Z38tInT T
Z
2(39) Z39TnoTnt o739'nt
ZgoInT
Z(40) ZgoInt 1nT .
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INPUT FOR CREEP PROPERTY DEFINITION (Continued)

CREEP
EQUATION TERM
COEFFICIENT NAM
E LOGARITHMIC FORM EXPONENTIAL FORM
==
Za1/T
Z(41) 74 2 o4
Z../T
Z(42) 247 l%f; ¢ 42/
7(43) ZABlnLTlng 02431nt/T
Z44t0
2(44) Zygto :
Z(45) Z46tT 2a5tT
B-52

MCDONNELL DOUGILAS ASTRONAUTICS COMPANY = EAST




WNON OF CREEP IN PHASE Il NAS—1-11774
~" METALLIC TPS PANELS SUMMARY REPORT

B.4 PROGRAM OUTPUT

Program output includes a listing of input variables, calculated elastic
stresses at cach panel station and trajectory step, panel geometry definition,
trajectory load and temperature definition, creep strain equation definition,
elastic deflections, creep deflections, creep strain distributions, and residual
stress distributions. Creep deflections are printed at times within the first
cycle and at the end of each requested cycle (KCYCLE). The example problems in
Section 8 show typical program output.

Generally the output is automatic and not controlled by the user. The follow-
ing items are, however, at the option of the program user.

(a) Printout of calculated creep deflections at the end of each trajectory
time step in the first cycle are controlled by the yariab1e INCYC. These
deflections are printed as a default unless INCYC = 0 is input.

(b) The cycles at which calculated creep deflections, creeh strain distributions,
and residual stress distributions are printed, are controlled by the input
variables NUMCYC and KCYCLE(N). The variable NUMCYC is the total number
of cycles at which printout is required (maximum = 10) and KCYCLE(N) is
the designated cycle number for printout.

(c) Both analysis and output are controlled by the number of panel length
increments and depth increments defined by the input variables NSECT, SEC,
NSTAT, and NBSECT (ref. Section B.3). Output of strésses, deflections,
and strains are calculated and printed at locations along the panel length
and through the panel depth as defined by these input variables in con-

junction with the panel geometry (Section B.2.1).
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B.5 PROGRAM DIAGNOSTICS

Three types of diagnostic statements are included in the TPSC program to

provide user information where problems may be occurring in the analysis.

(1) “CORRUGATION INPUT DATA YIELDS A NEGATIVE S LENGTH"

This information is printed out and the analysis terminated when the cal-
culated corrugation flat length dimension S (Ref. Section B.2.1) is negative
The geometry definition (PHICOR, DEPTH, FLAT, PITCH) should be checked for input

error.

XIN
(2) "ERROR IN TABLE-LOOKUP ROUTINE KT: YIN }= A
TIN

A is the panel station X(XIN), the panel depth increment (YIN), or the
temperature (TIN) which exceeds the bounds of the appropriate input table for
temperature as a function of length, temperature as a function of depth, and
elastic modulus as a function of temperature, respectively. The table lookup
input data should be checked to insure that the range of data in the table extends

over the range needed for analysis.

(3) "WARNING - TWENTY ITTERATIONS ON STRESS IN THE HARDENING ROUTINE
BEAM STATION = » SECTION (J) = » CYCLE = > STEP =
ANALYSIS PROCEEDING WITH STRESS UNCHANGED."

This diagnostic message indicates that the iteration process for stress

(Reference Section B.2.6) did not converge. The stress is defined as that at the enc

of the previous time step and analysis continues. When this occurs, the form of

the input empirical equation should be checked.
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B.6 COMPUTER TIME REQUIREMENTS

Computer (CPU) time data compiled for analysis cases using the TPSC program
are shown in Figure B-15. These data points are plotted against a value N which
is the product of the number of increments through the panel depth (NSECT + NBSECT),
the number of segments along the panel length (NSTAT), the number of time steps in
the Toad-temperature trajectory (NTIME), and the number of cycles being analyzed.
Data, shown in the figure are for analysis conducted using the time hardening

theory of creep accumulation program option.

Because additional iterations are required in analysis using the strain
hardening theory of creep accumulation, a factor of 1.8 (factors for specific
cases typically range from 1.3 to 2.4) should be applied to the range shown in

Figure B-15 for this option. In addition, the data plotted are for separate runs.

Running of multiple cases results in a somewhat Tower per case computer time.

Variations in required computer time are expected from run to run depending
on times required to converge on stresses, load balances, and moment balances in
the program. The data, obtained in analysis for prediction of creep deflections
in subsize and full size panels, are presented to provide computer time guidelines

for the TPSC program user.
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B.7 ANALYSIS SENSITIVITY TO PANEL ELEMENT SIZE

Limited studies have been conducted to investigate the sensitivity of the
TPSC program prediction capability to the number of sections along the panel
Tength (NSTAT) and increments through the panel depth (NSECT). Shown in Figure
B-16 are typical midspan elastic and creep deflection predictions as a function
of these variables. This example is based on an 11-inch titanium panel subjected
to a uniform pressure load. These studies have demonstrated that a minimum of
these sections are needed to maintain prediction precision and, based on study
results, the values NSTAT = 6 and NSECT = 10 are default values in the
program. Because more sections are required to define horizontal sections and
flange sections for the Z stiffened TPS and corrugation stiffened TPS than for
the rib stiffened concept, a minimum value for NSECT is recommended as 8 for the
rib, 10 for the corrugation, and 12 for the Z stiffened concepts. Also the effects
of NSECT on creep deflection prediction capability will be somewhat dependent on
the degree of nonlinearity of the input creep strain equation with respect to
stress. Therefore, more sections should be included for equations which are very

nonlinear in stress.
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B.8 EXAMPLE PROBLEMS

The following two example problems are provided to demonstrate the input for

the major programs options. Section B.3 should be consulted for default values for

variable means not included in the input. These default values apply when the

variable is not input.

EXAMPLE PROBLEM 1

Example problem 1 demonstrates analysis capability for the rib stiffened

i panel shown in Figure B-17(a). This simply supported panel is loaded with two

point loads located 3.62 inches from the panel supports as shown in Figure B-17(b).

In the example, the panel is subjected to ten constant load and temperature cycles
of 20 minute duration each (Figure B-17(c)) and the time hardening theofy of creep
accumulation is used. The panel temperature is a function of panel length as
shown in Figure B-17(d). Elaétic modulus is defined as a function of temperature

as 12.3 x lO6 psi at 725°F and 11.8 x 106 psi at 825°F (note this covers panel

temperature range of 769°F (.932 x 825, Figure B-17(d)) to 825°F). U.S. Customary

units are used in the input data. The following creep equation for Titanium

(Reference 2) is used:

lne = -26.22982 +26.2485T +.00012602 +1.40406 lno +.46894 1nt *

where t = time, hours
T = temperature, °F/1000
¢ = stress, ksi

Deflection, strain, and stress outputs are requested after 1, 3, and 10 cycles
are data given through the panel depth and along its length are output according to
the default values of NSECT (10) and NSTAT (6), respectively.

Input and output for example problem 1 follows.
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Qijifﬁi;EGWON()FCREEplN PHASE 1ll NAS-1-11774
-~ METALLIC TPS PANELS SUMMARY REPORT

EXAMPLE PROBLEM 1 OUTPUT (Continued)

CFESP PFEUICTION COMPUTER PROGPAM
TPSC EXAMPLE PROOLEM 1

RI8 STIFFENED TPS FANEL

SKIN GAGE = .022 INCHES
RIR GAGE = .027 INCHES
NUMBER OF RIBS = = 3
PTTCH LENGTH = 1.000 INCHES
PANEL EDGE LENGTH = _ ,25) INCHES
PANEL DEPTH = ~.430 INCHES
CALCULATED MCMENT OF INERTIA = _ .0012046 IN®"4
ELASTIC NEUTRAL AXTS = ,348 INCHES
PANEL LENGTH = 11,00 INCHES
: PANEL WIOTH = 2,80 INCHES

APPLIED LOADS
THO POINT LOADS o DISTANCE FROM SUPPORT TO LOAD = 3.62 INCHES

TRAJECTORY DATA *
TIME (SECONDS)
%OAD LB8S)
EMPERATURE (DEG F)

JIME TOTAL LCAD MIDSPAN SKéN
START END TEMPERATUR

0.00 20.00 114,145 825.0
CREEP PREDICTION COMPUTER PROGRAM

CYCLIC CREEP EQUATION DEFINITION

LN(STRAIN}z -2.62298E+01
2.624ASE+01 *(TEMP)
4.63940E-01 *LN(TIVME)
1.406406€E400 *LN{STRESS)
1.20000E-04 *(STRESS) *+2
WHERE TIME = PINUTES
€ T;nsennruae £ DEG K/1000.
STRESS = KS1
’ !
CREEP PREDICTION COMPUTCF PPOGRAM ‘
ELASTIC DEFLECTTON SUMMARY
BEAM STATION (IN%NES)
TIME (MIN) .92 1.8 2.75 3.67 4,58 5,50
20.00 .0538 «1034% JAlb? 1736 .1852 .1913
CREcP PREODICTION COMPUTLR PROGRAM ‘
FIRST CYCLE CREEP OEFLECTION SUMMARY i
BEAM STATION (INCHES) .
TIME . . 2,75 3.67 4,58 $.50
20.06 < 06874 +01718 . 020468 .03020 «03209 .03373
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PHASE 1l
SUMMARY REPORT

PREDICTION OF CREEP IN

t

METALLIC TPS PANELS

CSELP PREDICTIGN COMPUTEP PROGRAM

EXAMPLE PROBLEM 1 OUTPUT (Continued)
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WTION OF CREEP IN PHASE il NAS—1—11774
~~ METALLIC TPS PANELS SUMMARY REPORT

EXAMPLE PROBLEM 2

Example problem 2 demonstrates analysis for the 45.7 cm. long and 51.6 cm.
wide beaded single skin corrugation stiffened panel shown in figure B-18(a). This
panel is loaded with a uniform pressure and temperature where the pressure and
temperature vary with time in each cycle as shown in figure B-18(c). The plate
option is used in this problem and therefore the panel edge stiffness and Poisson's
ratio are required input. The strain hardening theory of creep accumulation is
applied in this example. SI units are used and the empirical creep equation is

that for L605 (obtained in Phase I) as follows.

Tne = -2.89413 -.01743t +.54892 Int +1.31015 1nc -6.66548 (1/T)
+.19131 InT +.00021(Tot)
where t = time, hours
T = temperature, °K/1000

g = stress, MPa

Deflection, strain, and stress output are requested after 1, 2, 3, 4 cycles
and output are provided at 23 locations through the panel depth (NSECT + NBSECT)
and 8 locations along the length (NSTAT).

Input and output for example problem 2 follows.
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WNON OF CREEP IN PHASE Il NAS—1-11774
METALLIC TPS PANELS SUMMARY REPORT

51.6 cm e X

simply supported
(typ. @ X = 0, X = 45.7)

/~/L 45.7 cm ——/

(a) PANEL GEOMETRY

P
Y Y Y Y Y \ Y y
P X
e————— 45,7 cm 4——h-l
(b) PANEL LOAD
p, T
‘ TRAJECTORY | riyve (Min.) | TEMP (°K) PRESSURE (Pa)
' ' || STEP
: I oo T 1 0-1.33 1122 758
1 | | -—’
I boq gl g 2 1.33-4.67 1231 758
02345
|1 : P 3 4.67-7.50 1231 1655
I 11 !
: [ M ' P 4 7.50-8.50 1225 2482
{—'— 5 8.50-11.33 1014 1655
time

(c) TRAJECTORY

- figure B-18 EXAMPLE PROBLEM 2
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PHASE 1l NAS—-1-11774
SUMMARY REPORT

"PREDICTION OF CREEP IN
METALLIC TPS PANELS
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PHASE 1
SUMMARY REPORT
EXAMPLE PROBLEM 2 OUTPUT

~“PREDICTION OF CREEP IN

e

METALLIC TPS PANELS

SCREEP
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XX22A45( A=A )
XXE=Y(HSEC T)+H]
DY 190 K=AS=00 1yNSS00 T
190 YUK I=XX1=XX2x=COS{HETA(K })
Gy e 200
200 XX1=Y(NSFCT J=H1
DIT 210 L=NS8=C0 [ onSeny |
210 YL )=XX1+BRRAN=COS{RETA(L )) -
C==== CALCULUAT [t @7 SECTTUN PR fIesS 7 AZAM
220 MAREA=NSECT -
TF{INDHD ,NELO) NARSA=NSSCTT
AYTOT = 0.0
ATOT = 0,0
AYYTDT = 0.0 - )
DO 230 J=1 NAREA
AYTUOT = AYTOT + A{J)*®Y{J) -
ATNT = ATOT + AL )
230 AYYTOT = AYYTOT + A(J)={Y(J)%%2)
YHAR = AYTt3T/zAaTad
XI = AYYTQl - ATUT*(YBAR**z) _
. D 1550 T=1,nNSTAT .
EC == BEAM STATION LOQP . : -
LONPOA=LNP+ B
TFUINTMENLEO L 0IGH TO 250 -
WRITEC 6y LT IPCA K[ )
G T 260 ,
250 SUASTX=X[[)%2,
WRI1E(6317IU)!HUPCA9§UHS1X ’ T
261 COMT [NIE
TFIIRESTD.NELO GO T 280
N 270 J=1 yNAR=A
270 RESSTR{V)I=RESSIN(TI,u) -
240 Crinf Iwtge
I]}""El = ()ln
[ _:()’
C-=== CALCULATION NOF TFMPFRATUKF AS A FUNCTION OF BEAM LENGTH
[E{ TV EL ok, 1) G TU 3016
Com—-- IEMHFRAIURE.CALCULATtD VIA EQUATIOUNG INDTFL = 0 .
Co=== EOUATTON AETHOND IS ALSU 1SE [F TEMPEIATURE IS CUNSTANT
%JP%})jT)f(l) + CU2)%X{ 1) + CLR)EX{])%%2 + C{4)*X([)%%3
p) ) 4
=== TEUPERATURE CALCULATED VIA TARLE-LUOKUP: INDIFL = 1
300 XIN = X(1)
CALl, TRILKP(X TFMP.I,XIN D0 XTMP,1E)
XTP(1) = X1+
[F{T7orEn) WRITF { 641780 ) XIN
310 CONT INYE
===~ CALCULATION OF TEMPERATUKE AS A FUNCTION UF BEAM DEPTH -
TFETMDTED L ERL1) GO TY 330
C-==- TEMPERATURE CAILCULATED VIA EUHATIUN. INDTFD =0 )
Co=== FOUAT [t AF{Hi) Q IS ALSH USED IF TEMPEIATURS S CUNSFANT
DI 320 J=1+NAREA - :
320 Z&P%J) = D01) + D02¥e/(J) + DI3)xY(JIeE2 + D(4) Y {J) k%3
5 11 350 . - )
C-=== FEMPERATURE CALCULATE) VIA TARLE=LDOKYP: INDIFD = |
330 DO 340 J=1,NAREA , - :
XIN = Y(J)
C-5
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140
350

3K
370

Cmmmm
Comem

34N
390

Commm
400

410
420

430

440
450

[alele]

460

QIO,

—
T i

PHASE I
SUMMARY REPORT

NAS-1-11774

CALL FHL<P(YfEMH,l.KN,().I),VFMP,IE) P S 2 340
YIP(D) = YTMP fPsC2 3.0
TF{TE NF L) AUITE ( my 1790 ) XU IPSC2 360
CONTTMUE B 1PSC2370
CONT [N ] IPSC 2350
CALCULATION (F T0Tal 1-areRATHORES AT X AND AT AnY TIME TN THE CYCL IPSC7 390
D0 370 =] g0 [ 4 IPSC 2400
i} 360 L=1.NNNPA IPSC24al0
[l ) = VEMPILIRAT P L )ay 1P({L) lPSCzar0
Crn TINIIE _ [P SE 2 a0
CUNT INIE - . IPSi2aan
CALCULATION DF MUDULUS UF ELASTICITY AS A FUNCTIUN UF FTEMPERATURE TPSE245%0
TFCINDMND L EQ.L ) 6U TU 400 . LpSc2any
MODULYS OF ELASTICITY CALCULATED VIA EQUATIUN; INDMOD = 0O IrPsc24/0
COUATTON METHDD) IS ALSH OSED [F MOOLUS 1S CUNSFANT [PSC24n0)
00 390 K=1,NTIME _ TPSC2490

11 380 =1 ,NAQLKEA i ) PSC2500

E(K.L) = FCOEFF(1) + FCOEFF(2)%TIK L) + ECOEFF(3)HT{K,L)*%2 + TPSCeb10
ECOREFE(4 )T (€, )%ek3 1w S 2520
CONTINUE 1P SC 250 30
GO i) 430D IPSC 2940
MODULUS OF ELASTICITY CALCULATED VIA TABLE-LOOKUP; INDAUD = 1 IPSC2550
DO 420 K=\ NT[ME TPSC256()
BO 410 L=1,NAREA . - ; TPSC25170
CIN = 7 (<,0) IPSC2380
CALL THIKP(FTFﬁP.l.TIN 0.0,EMOD,IE) TPSC2590
E(Kyl ) = o] lPSC2600
IF(TFNELO) WRITE { 64,1800 ) TIN - IPSC2610
CONT Tl IPSC2620)
CALCULATION OF MUOMENTS A1 X AND TIME IN THE CYCLE; INDLUD = 1 (POL IPSC26 30
CONT INUE lPSC 2640
IF(ILOADLERLL GO TU 450 . o . - . T TPSC2650
DO 440 K= NI [ME IPSC2n60
D) 440 L=]1,NAREA - 1PSC2670
E(X,yL)=2({K,_)/hB94 R 1PSC 2540
CON FIniIE - IPS(2690
IPSC2100

PLATE SUOLUTION TPsc2/10
IvSC2120

IF(an DNWEN.T) GU T 630 TPSC27 30
[ECINDPLAEG TG TU 360 IPSC 2140
DEONE=XT/DANWID - TPSC2 /50
[ELINND2 20,1510 TU 4n0 IPSC2In0
DE Teil= TS®IS=TS/(12«%( 1 o=XNURXNUY}) [PSC2/( 10
CHINT INUF IPSC2730
IF(XLGTH,GTLPANWIN )G TO 560 TRSC2790
IF(DEMWOL.GT 050 E)uu Fib o wA0 IPSC 2400
. - 1PSC2510

SOLUTTON AR LECKHNTITSKIT MAX SDMEN TPSC2420
) - IPSCoH3n

DRAT=DINNR /D=7 91) IPSE 240
[FLORAT.GT, 26,060 TH 520 - IPSC2850
ELFK=(PANNIU/XIHIH)¥() HJP/U%!WU)** 23 IPSCzda0n
TECELEKGGELT WAND ELEK LT .1 5160 T0 470 - PSC2870
IE(&LE(.G-.l 5 ANU.E,;(.- e2.0)GH) T 4530 PSC2480
IF{ELEC.GE 2 NU.PLtK.LI.Z.S)bU TQ 490 TPSC2890
IF(RI E<,GEL2, 5 AN).E_:K.LI.3.0)QU r 500 1PSC 2900
IF(ELE(.GE.3. NDLELEK .. T.5,0)G0 TO 510 IPSC2910
IFLELEK,GR 5,0 )(n fil 20 1PSC2920
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SUAY /R =St} 'IY/RH’ARV/*{
IF{XMM,FO L, 7,060 Th
)(v414=)(1~’|»4*2.
GOV T s
950 X T P ey )
Tliaiti
1407
PLAM=) H+(.1/J(J-X
550 CONT ]
Comwm- MthNlS FOR PRESSUKE
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X{L2)*THE TAP(1L2+1,L 1) /2.

{, 0 f
FTHATY= [HA 1?2
XMl O=X91 -
[ AT |
Tabo GHs Ik
SAVIHE=THCTAT( L )= T i(14<1L)
SAVIMP=T(K1,1) -
[ECINDI NG, w0, L) 6511 F1 1420
SAVPRS=PRESS(K])
Gfy (0 163n
1420 SAVLOD=PLOAD(KL)
1430 ConNT INHE
DO 1440 J=1,NAREA .
RESSTR{JI=SIRESE(KLJ)=SFRESS(I)
1440 CONTINMUE .
THETAC=  HETASHTHETAT( L) =THETAR{ [,41 )}
DO T450 (=1 4NAREA o
1650 CSTRAN( S )=THE TACR( AYNAC- {(1))/0(
1=RESSTIR(JI/E(KL ),
[IE{INCYC.HOQ.0N) _BI) U L4k
[FIKK NELTIGO TU 1460
VHET(T,K1 )= HITAG
1460 [F{K]1,NEJNTIME) GI) TU 1530
DO Y470 N=) B PACY
NIMCY = N -
JFIKK TR KOYLLEIND) ) 31) V1 1440
1470 CONTINVE -
GN 1) 1590
1480 DI 1490 J=1,NAREA
DS{RAN(I.JyMU4C1)=CSf{Aﬂ(!)*100.
RESP(T4JsNUMC1 )=RESSTR(Y) -
1490 CHONT [n)rE
1500 CONTIMIE
By 1510 4 19 NIHMC Y
NUMEC2 = _
1510 IF(KK.—J (fYF'P(N)) ) T 1520
GO 1IN 1530 -
1520 THE AP MIAC2) = THEV AL
1530 CONTINUE
1540 Cligy [N
1550 CONTINUE
[F{TMDCLALEQ L) i3 T 1610
N 1600 1, 1=1,NUMCYC
NMINZ=NSTAT-2
DO 1580 1L2=1,NMIN2 -
S =0 ,0
SUMP=11,0 -
SuUdtid=0,
IPRIL2=TIPRINT(1L2) _
DO 1560 W=, [PRIL2
THETAX={ THETAP(NL,L 1 )+THETAPINL1+L1,L1))%X(IN1)/2.0
SUMT =S+ THE TAX
1560 CONTINUE -
TPRI_21=IPRIL2+2
DN 1570 N2=]PRL21,NSTAT -
1570 SUM2=SHM2+ THETAP (N2 411 )
DFFL{LL L2 )=SUML+SUM2% X(L2)+
1550 CONE INtE=
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1620

1630
Lha0

1650

1660

1670

1680
1690

PHASE Il
SUMMARY REPORT

MM = ST AV - .
D 1590 N1=1,84EN]

fH%IAY=(fWHTﬂ“(M1'Ll)P(wtfﬂﬂ(dl+l.tl))*((&l)/?.ﬂ

SHUA3=SUmM 3+ Tz faY

|HV|]IUP

HttL(LI'NSTAT-I):SUM3+[HrTAP(hS[AT,L1)*X(NstAl 1)/? 0

DEFL(LLNSTAT)=SUAM3+0 1 T aP{NSTA Ty L)L {4STAY)

ConTINUIE -

CHONV TNE

DD 1660 L1=1,nNT1ME -

NMINZ=NST A T=-2

DI 1640 L2=1,NMIN2 -

SiiMb4=0,

SUMS=0. -

SlMA=0,

ITPRIL2=TPRINT{12) -

DO 1629 41=1![JRI‘

ETHETA = (THETAE(NT,L1) + THETAE(NL+1,L1))%X(N)1)/2.0

SUMG =S M4 +ET H=TA

CrNTIMUE .

[PRUPL=TIPR] 2+2

N 1637y N2=T1PRIC21,NSTAT

SUMS=SIM3 T HETAE(NZ 40 1) ‘ o

DEFLFE(LT L2 )=SH4+SHM5: X{(L2 )+ X{L2)*=TH= TAE(L2+1,L 1} /2.

rOnt TN e

NMIM]}=nSTAT=])

DL 1650 NL=1,N41M]

THETAY=( THETAEINT 4L 1 )+ THE TAE(NLI+1,L 1) )*XINL1] /2,

Sildh=SijMA+ TH=TAY

ClA TIMOF 3 L. -

DEFLE( T NSTAT=11=SUd+ T =V aE(NSTAT L) RAINST AC=1}/2,

DEFLECLToNSTAT )=SUMb+ THE JAEINSTAT, 1)*X(NSTAT)/2.

CONT JN)E

TF(IMCYCLEQ,0IGH TO 1720

DO L710 Ll=1,4N7 1Me

AT 2=NSTAT=-2

DAY LAY 2=, 11InN2

SUMT=0.,0 -

SHAR=0 .0

SUM9=0,0 _

IHRI')—[Q%Iﬂt(L7)

DO 1670 N1=),IPRIL?

|H~IAX-('H:f(ﬂlv_ JETA=ST NI+ 1) )*A(NLY /2.0

SHM 7=SUMT+FHE TAX -

CONT TNHE

IPRL?]=IPRIL2+? .

DO LABO NR2=1PRL21,8STAT

SUMB=SUMB+THET{N? 4L 1)

NDEFLIN{L L L2 =S #SU 48 X{L2)+ X{L2)siHe T2+ L,01) /2

CHRNTINUFEF -

NMIl=NSTAT-]

0 1700 Ll:},leNl

rHETﬁY=(‘HEILle-l)*'HPr(Nl*lol1))*((‘1)/? 0

SUM9=SUM9+ THE TAY

CONTF INVE

DEFLINCLYoNSTAT-1)=SUMY+THETIINSTAT, YEXANSTAT-11/2.0
- F LLeNSTAT)=S M9 eid =7 (NSYAT L ’ (.§| /2.0

Cc-19

MCDONNELL DOUGIAS ASTRONAUTICS COMPANY « EAST

NAS—1

TITTTTT
feinialnieliwl

il

]

COOOOOmT

i

) o e o], ] o e s T e
[xlelnleialeialeleialaialnlielelaly

TTTTTTTILTTTT

TT

TTTTTTTTTTTTLTTTTLTTTTTTTTLTT

[alaleieialasletelaialaleleiaalelelainialaiaiialele]

TTITTITTTTLTTTT

-11774




NAS-1-11774

PHASE i
SUMMARY REPORT

EEP IN

METALLIC TPS PANELS

“PREDICTION OF CR

—

[egelelelegeiateloiofoe] aleletuloolatelelwinielielotoleiolotolotalelclel o tololelolatotelolotototelololl Holfelotelel
AT AL~ IO T RS~ T R ANAT AL~ T PO N AT A~ N NP F LN T R aND T oD T
L LOO L O NN~ D U DOV TOTDCIIPARRI I DSOS SO DT Ottt nt v
el e vt el ] ek st ] ] el el W |yl
LUV DO CLOLOOOLLLOLOLCOOLLLOLOLLVOLLOLLLLLOLOCOCLOLOL T2
BSVAL LA N NN NN NL N NNNNINBI A NN NN N AL NN NNN AT NANRY TS
T2171232727237271723273272322317123017872332722327232303223202 333292302000 Wil
-~ - 5 X
NN T -
— — —t (¥}
<< - Z
-eree» “ A T - »
T % T -
xX tade ]
b ofon L} Miaw o (V2 Vo I SO 4 I uw
Lo vdaa S o T (TR
e et LV D e ) P N n = 7]
. =T Z Ul LA~ vl T, e L
ALY s e il T e AN
- 0NN v e
" e e » — —— et T T Lt - o ~
(¥l R N - L
—_ - L A o -
ER= > - - - o1/ 8
DLVIS T iy Bty x x wn—~vy TN
—_l D — 3 3+ A Y— ety }
- N D - L vd P ] ) 1
L L e Q,H”/_.:UQY. ot _l».w..ﬂ o .“.\N_S : WM& .
(] R G -
AN - NS T S e - =
g LS T R =
— Zz22 - SN — I _ -
') ZFL e Wy — B T e L
ANt e e — M e T vz ML
S —y A D wTFTEZT N M My
YTy T i lan It BT N . >T LW e
(R P A -4 - NIl W T Lad TR N
az ANT T A ey -
- " e e o)~ T eT T LT T K, o3 - e
-t ST X o o aXN
o~ A . i o~ ey o
— LS TRAYATT T e r =
Xurla v FLITSITT=) e — N - =
TrC T - S S ATz
VO XL - FUNTTT D e en IS
-~ LEZNT.OA D —XKTIT T N By oZND
. L I -t X e e O P
&+ st e ragX — 1D LT -
o * 'z S e et T e
- #0T o~ W<y T < ot Oy~ T T
DL LD AN AN ANCN S PNAINA ) TOVNITA e OWVTI TSNS e w o
bk iRkl bolatelolmiol ool alalalioatelsletad T O T TN T e O our
STSTITICCCSCSETSTIOCOCT T TSt T GV Qe T U [ 4
TSI T oI T DO CoT I TToOCD TLAZ YL s = 0D - P AN T ZOX
—FFT AT TS AT TG T TS —N—A YN WLZZF el e s T e — N>
[ Al oI o e Al I A B AN YV A T AR I R T A WPV Vo I < s Y T e X S -~
T ® 2 2 o 6 5 0 s P 20 o 6 et st e 0B - n e e (7ol oY ol LanlN S WL o il ¥ A S
AOAUAN AN AN NN IO N AN N O N SN X YN XK e T e v
3 3t e 3 3 3 T8 3t 3 30 4R 38 0F 2R E 2 2R 3p HIDE mwi Y N TT T e e e e ~ T
- * T I¥>F o2 7 NNO~VYVXD oMy & O -
. Dt o (=T e 240U Ny Xy XTOT OO 0w W
2 ~ T W W =L LIl E e . TN O e T O W O
LITT Tlcudd orL'a TU U X TTMY = D e e e N> VNG LW
o= . XTZ Wb TV TOPXDZF < D= <TITINKXY T o 'ZF W.Z<ow
A= Bl T W I U T T U g la Wl { TRV S oL DT T TNTXDIN r @ Z
Ll P E NN N LG WA U & e m e e oD p NG T INTANNLCLTT e -
oA T XU N NN Ty N T o e e Z~
—h gy H DN T X DT WL T T e NI O L L e e W2 D [
ZTTUNYOXT OO HLL L BNl =—id— U W L CSC€anNdsSgde<secalmx" T W
et M T e L L UL L DA ST IV L L Z e A _VEY eSS ST TS T T TN e QAN IV AT
Qe I TN NN T Z ZWUIL U LU T W, T DT LML UL et~ e Y YX XYY Y Y Y YY XY oL
e 3T SOY A NDLLT DY S A= L WS X O T I X D S O I N T O I T XA Z D eNuw
AW TR Y NN NN T DT <A NUCOY e N DG el LR U WLIL A L L ) e e
—O N X — tadaa! P N R 3
pay T TIZToTIoTTCcT
ha' R S gl ARad athea B g o RV} L
~ M~ N MY XXXTXY
— ~— i et o gl Ol e . gt gl et

6()
10
80

v
M

kU
GEOM
1)

Gk

cmn

e

e

T

(N1 NESIR

CRUSS SECT o

2 S (

e

FTHIS SURRDUTINE DIvInIg M

C
C
Cemem

Cc-20

O

MCDONNEILL DOUGLAS ASTRONAUTICS COMPANY « EAST



TP
pemcnow OF CREEP IN PHASE Il NAS—1—11774
METALLIC TPS PANELS SUMMARY REPORT

FUEAENTS ANO ASSTHYS F{0) a0 LAY TONS A AEAS 1) GEU J0
EACH FLEMEN T, : ) GEUM Joo
GEOM 110

_ ’ GEkm 120

BIARNS L ALy A () Glzvrer ] 49
CHMuwn; PLUAMI o g2 L, L e - ) R ] 4
)A\t\ KA/ 2D (1) . Gl (o4
cT;-ns»rl-1 : GELIM 1640

~—

=NSE0E - GEUM Lo
4 NSECT-4 _ : GEUM 180

013

“CT

- I5=n§ -3 GEUM |90
TO

cu

MmTTaT

(10 4,40 80 ,230),INDGED . T GE%M 200
GEUM 210

ATION OF RIB SECTIUN AREAS AND Y LOCATIONS: INDGEU = 1 ggqq ggo
UM 230

/{SEf=-1.) . : GEUM 240
PS)I/{SEC=1, )} )M R=ENR[3 GEUM 250
“C 2 ’ GEUOM 260
. Geum 2710
BR=1}*%PIICH +2.0%RIBFLG) .. L GEUM 280
. GEUM 290

«D1ENY /2.0 ) GEUM 300
H-TS/72.0 . GEUM 310
’ GEUM 320

) GEUM  331)

M OF COKREGATED SECTIUN AREAS AND Y LUCATIOUNSS INDGEOD = UE%N §4U
GEM 390

= TS=25TC I/ {(SEC-3,) GEUM 360
0] GEUM 37()
3 T GEOM 380
)Lk Y /2.0 GEUM 390
T2)+710/2.0+DY/2.0 - ’ GEUM 400
2 o) GEUIM 410
NSECT2)=Y( 1))} TAN(PHICOR /RAD)))=-FLAT GEUM 42(
Al LEDM 430
) GEUM 440

GEUM 450

:*TC ’ GEUM 460

[elelw]
|
|
1
—_

TH T

(DE
= -
J

{1

- T

— 1
WS =T

- -

S
SE

—
>C>T O Q2zZzZ2Z2

halra b o sl | et P B T B~ m-32“3-< > QuUivnonnm

H
N
%
NS
e

b

o
ulﬂdLmt

TiTe W

t

LN e W e N e
T om
[eXll
)
—— e P

Zon
-
-
T
u‘—..\)-—q

<<
—

Pyl

[ Nalel
[}
1
1

i
1

—
.
[ r
i

PAPREN
[T

M letelal]

ﬁ vv
=
R -
vNﬁLﬂt 4
T

X T T
-
o R
- e

-—

(230

————

T3 GEUr 47 ()
/RAD ) 1= TCHNCOR%2 40 : GELIM 480
Al + /.Hr#”bk)*lc GEOM 4390
’ ’ . GEOM 500

GEOM 510

C i ’ GFUM $20
LOULACTON e 2 S0 Loy AREAS an) f LOSAT[ONSS  INDGS) = 3 GEUM 530
. - ; GEOUM 540

(U-P 2N FE LI )/(SEL=-5,) GEM 950

. - o GEOM 560
AR GEOM 570
= 2)EDY + DY /2.0 - ’ GEUM 580
=) 651 o) 120 GEUM 590
i T . - : GEUM 600
D)ol o/ i=~1) 61) 1) 110 GRUM 610
T GEUM 620

=1 GEUM 630
FFl - YUl - 1) - UY/} 0 : GFUM 640
= /[rerrl -H%1/ 7. GEUM 650
= HGTENZEEXT/EER : GEM 660
LEUM 6170

70

ADPBUDAEI—N<<<T<T O
i - ap- e

T~
ZOW— W Z
—eT

Y

[}
w
[}

340

<
=~ < D
—~—— ey

e Pl PN o D)
m
m
<N
e

o)
D
TN

Ne)
z
——
T
T S I Y

—~ 7

Z~ ot
—

o=z
SN A e mv~Td—4
T

~=FXIzT
iy

LZ~
T ——

VD> o e e

&
Z

lalnl
—— N

-

=

Cc-21

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST




SUMMARY REPORT

D
WENCHON OF CREEP IN PHASE I
METALLIC TPS PANELS

170
140
140

150

160
170

Commm

10

—~Zz Z

-~ N A S
M S = T ST T

ey

Zr——
oS-

T It T
H o= e~

E.fZEE) GO a Lo

— LN

SRt - Liine

+ UY/).u).b TeEv 1L) G TO 150

T
EZXOE~T

— T D e > €

+
—

-
=
+
-

.

ol —
=
T

xT
3 ==

=TI~
P N
it

I

=
o)
g,
R e N Gt =
et St it e e
i
-
o ]

2ZZ
- -
:-
e
H
¥
TN —

T

—_
=
Ay

~ T

GO Tu 200
VZEE*TZPF

TR D e e (D e N T

LM X M

—HZ ZTOZHSmZ N ST DN OO
Ghas VT Tl @

TONEDT.aTDD

—THN 2 30
+ Te TN
<= m T T

o
T
Ll N AT

e ENT
L

=1
—~—. 2.

o~
AZ‘—
NN T SN T P N e s NN AN NN

—T
(g N
X MiT
Y f}
)N +‘

| 7 oS
llY #NZEbE*1 Lk

*ZEtSF TZtF
Ty =

o=
a

Cr——
~zm

2Z2z
— T M7 e

Zim

E.m

Xz
=T
B X T Tt o [T

{

—Zzcmz—=
ITmx

z>

=5

:_
WEXT

~—Zz
> T

L
)T,PRTMUM.INDPLA

TiZ™
—

>

I AT TAOP PO ST > SR << <O B <
EY
2R

Z

~Z-<xXm
i
Tit v

VARTARILE, X rA3LE LK -up

ZVi N2

ju’
T

<

SN
o D

X
Jrp AV
™~ -z
—
Zo—
-

Ho I

T XK L

—
—_
=

—
o pad

zZ
—~
3

s T 20
(LZ+1) = V(L2 + T(1L2)

1}
(]
T
XK= 11
CMEZ T Lm0
<5
.
—|)<:—

z
-
<

B LD =t
- 2 3

—T
2w
—phm ~Z

STAXZIT NT—
>
It
+ + 4+
~ &\
<
+
P

LU e e Trp i e Sen B B skl el g
—

ot G K
Z -

-l
F)

c-22

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST

ey UR[ZtFSrl .LELTZEE) GO TO 220

OH CORRUGATIUN INPUT DATA YIELDS A NEGATIVE S LENGTH)
TB%KP(T. TEX, XINy YIN, Z, IE)

VARTARBLE , Y (ASLE LUL=1JP == BIVARIAFE

NAS—-1-11774

GEHIM 630
LEUM 691
GEDEL (1))
LEHM (10
Gl {20
RN {30
el {40
GEUM 750
GEUM (n)
GEGM (70
GEUM (40
GEUOmM 790
GEUM 400
GEOM B81n
GENM 420
GEUM 8 30)
GEUM 440
GEUM 850
GeldM 3610
GEOM 8170
GEUM 340
GEUM B8Y0
GEUM 900
GEOM 910
GEOM 9210
Gl 930
LEUM 940
GEUM 950
GEUM Y60
GEUM 970

GEUM 940
GEUM 990
[BLK 10
Wi,k 20
TBLK 30
IBLK 4y
CIBLK 50
lBLK 60
ITKLK 70
I8 K 30
THLK Y0
IRLK LO0O
IBLK 110
IR L20
THLK 130
1RL.K 140
TBLK 150
IKLK 1AO
IRLK 170
IHI_K 18O
THLK 190
TKLK 200
IBLK 210
IRILK 220
THLK 230
TRILK 240
IBLK 250
THLK 2610



TP
““PREDICTION OF CREEP IN
~~ METALLIC TPS PANELS

PHASE 1l

SUMMARY REPORT

NRIN =
GO T 50
Jo r([+1) = Ly
C—-== INTERPILAT]IIN
[ I Y B A tX
TFOFRXGFOL L) 6D T 4 )
LU = PR H (VL2 )= T(LZ))+ T( 2}
LL = L7 +] ) -
L2 = FRX & (U (L2408 )= ({0 21+ T2
I = FRACT= (22 - 21) + 71 -
GN TO 199
40) g) ?r TACT (TOLZENY+1) — TLLZ+NY)) + T {LZ+NY)
>0 ) 190
Cemw=- HA&‘IC SEARCH ROUTINE USING HALVING TECHNIQUE
90 CON INIJ"
-=== TFST IF [HHEPFNUFNT VARIABLE EXCEEDS BOUNDS
[F (VARLE,T(LHY) S0 T 6
L, = LY - 1 -
IF (IEXe61.0) VAR = T(1i1)
GO T0°70 .
60 TF (VARLGELT{LL)) 50 71 40
IF {TEX6T.0) VAR = T(LL) '
70 [E = 1
G T 180 , . .
C—-== TEST Irf SAVED Tar4 15 A17AIN TABLE BIUNDS
ROULLS = MAXO(MINO{LLS, LU ), 0Lt ) -
TE (LLS 6l L) 1S = 5=
LK = MINQ{LLS+2,LU) )
TE [VAR=1T{1L1U5)) 120,110,990 .
90 TF (VAR-TILLS+1)) 110,110,100 -
1IN0 TR (LUS.20,0.4) 60 10 130
LLS = LLS+1
G0 Tay 9o
110 LL = LIS
50 () L8O
120 LU = LLS
GO T 140
130 L1, = LLS+1
14 IF [(Ly=t 5.1 ) G fU 180
MID = (LU + LL)I/2.
)] = VAR = (4]0}
IF (D) 150,170,160 -
1500 U = M)
GIY 10 140
150 LI, = MmN
GO T 140 -
1709 L1, = ™MD
180 CONTINYE -
ERACT =(VAR = T )}/ (T +1) = T(_L))
IR (NKTN) 10,10,30 -
196 RETHRN
END :
SHUBROYT [nNF [IT%UM(F 1 v NAREZA XM v YHRAR
1Y X1 ? NTIMF ] A 1] QX . [ DY
2STRANE o THETAE SfR ~Se YINA v v INDIFD.y NVCON
3 NSECT , TTCON ) - '
DIMENSTINN  £(4) s N{4) v XMUA{ L)) v Y{AH0)
1 YVA(LO) Al 60) v FORCEE(60) )
DIMENSTON STRISE(1ID,0 1) 4 STRANS(LU60) 4 E(L0,60) v
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D
vemcnm OF CREEP IN
METALLIC TPS PANELS

PHASE il
SUMMARY REPORT

NAS—-1-11774

1 fHETAR( 20,00} Fhved 40

COMMON P AMUIM o PR TMUM , T PLA - : 11Fm 9o

Cmmem THIS SURJNITINE S Ve FUR SLAST LD STRESS And STRAIN DISTRIBUTTUNST Ve LoD

TF(TTCUNLEN G0 T 10 : : Phie 10

1F(1qn.#4.ﬁﬂ.n.uwn.n(e).iw.n..A&w.u(3).{u.n..a40.u(4).54.0.) Lhie L2

160 100 10 . 1117m 130

GO T 6N 1iTm 140

10 D 30 M=14NTIUE [1Im 150

D) 720 A= 1 eNAREA ik 160

STRESE{M,J) = XMOM{M)*(YBAR - Y{J))/XI - 115 170

20 STRANE (M,0) = STRESE(H,01/2(Med) LiTm 140

30 CONTINUE . - - 11T+ 190

DO 50 £=L,NiIME fhlm 200

YNA[K )=YHRAR ) - 17TIM 210

50 THETAR(T,K) = (XM )RR}/ LETKy L %XT) [IHim 220

GO T 220 - 111m 230

60 DI T L=1,NI1ME ) phim 240

70 THETAF(vi)=(XMUM(K)*DX)/(E(K'NSECT)*XI) L 11Tm 250

PO LRO M=1 4N THE [11m 260

BO YNA(M)=YRAR [1Im 2/0

Fl = 0.0 [ V4 240

gn TIITF = 0.0 1FiM 290

XM = 0.0 I 300

DO 120 J=1NAREA ] _ 17TIm 310

SITRANS (M, ) = (YA(A) - Y{J))RTHETAZ{ [4#) /00X 1Lt 320

STRESE( My ) = SIRANE(M, 1 )EIM,I) - [ T4 330

FORCER(J) = SURESE(M, ) )EAld) [iTm 34

1F(1.E0.3) 60 T0 110 IT1IM 350

110 CONT TNDE . 11T 360

120 FOTFE = TNTF + FORCERLI]) . ) [TTm 379

TECTOTF LT oN 0 AND P LT a0.0) GO D 130 [TT 390

IF(|H1F.G1.H.0.ANU.F1.LT.0.0) GO TO 140 - 1111 400

Y1 = YNA[4) ) [1TM 410

IF(TUTF.LT.0.0) YNA(M]) = YNA{M]) + OY I TTM 420

TF(EOTELGTLN.0) YNA{M) = YuA(A) - 0y i 1L1m 430

IF{TOTELEQ.0.0) GO TO 150 - 1TTm 440

Fl1 = T0OTF 111m 450

G0 TO Y90 L o } 1TTH 460

140 YNA{M) = YNA{1] - (ABSETTE YR INalM) - Y1) Z(ARS(TUTF) + ABS(FL)) L1ln al0

150 D11 160 K=1,NARFA . ’ [11m 430

STHANE{M L) = [YnA(M) - MECSREILELEH R SR FAE I1im 490

STRESE({MyK) = STRANE(M,K)XELM,K) - 11iM 500

FORCE=({K) = STRESE(M,CIxall) Film 510

160 XM 2 XM 4 ABS{FORCER{C)E(YNA(M) = YIKI)) PT1M 520

TOL = ARS(XM = XM () )/ XAMi4) [Tl 530

TF(AnS{TNL) L T..01) GO T) 170 [10m 540

IHETAR (] ,4) = THE TAE (94 Jsed XMDM{M ) /XM ) 1TIm 550

Gl TO 80 111m 560

170 TRINTOM 2010 65U fu 190 T 970

180 CONTINJE 1114 580

G T 220 ITTm %90

190 DI} 210 M=2,NTIME - 1Tim 600

DO 200 N=14NAREA 11Tm 610

YNA{M) = YNA[L) - ITTH 620

STRANE (M N ) = SQRANF(l,N)*(MUM(M)/X404(l) [T 630

STRESE(M,N) = STRESE(1,N)*XMUM(M)/XMOM(1) - 17T 640

200 VHETAE(T,4) = FHETAFL [ o L J5XMUA{ M) /X404 1) [TTm 650

210 CANTINUE - [TIM 660

220 RETURN 1T 670
Cc-24

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST



Wﬂw OF CREEP IN PHASE 1l NAS—1-11774
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- AN -
= SUBRNU TINE nn1pu1(1mnf+n , 18 y IR v NRIB s PIICH , aute 10
LRINFLG 4 DEPITH v NGHIR y FLUAT yoEIGE y 2 {CUR wu e 20
2T2EE v NZEE v /Pukul s /PNED? o LEESF 5 Z2EESFL » LEEFF ny e 30
A2EEFEL  XLEH oy [ty s i v 3410 y TN . TNDSUP Dy ly  an
- GALEN y DXTIME  PRESS  y ReP s XPRINT o nilrmr o NSTAT el v
= SOEFLE  y NHACYS y L0V g, Dt y NA=ZA Y y =S¢ ' Uiile b0
= HBAMY A2 gAM 33 AME 3 AMS, TNDELA,PSTRANZPILUAD, - ’ uuTr
& 7 X1y Y4AR 7 g PASEN o Dzl IN L, INIYE Uty g4
RITIME o, TEONTP , TINTP , IDIMEN , ILDAD o TEWNST) gule 90
DIMENSTON  DXTIME (10) 5 PRESS (10) p TedP (1U) x#&INI {L0) HUulP LYoy
] 1 ) KCYCLE (10) 4 Y (60) _ 4Z(75) » PLOADI(] . guie 110
= DIMENSION  Dect (10,110) s DEFLE {L0410) UcrllN(lO.lO) e 120
= DIMENSIUM RESP{10),60,10), PSTRAN({10+60410) - guie 130
H 1y PLAMOMLO,10) 5 #RT4IM{10.10) O lr 140
= COMANK T PLAADM y PR TMUM, THDPLA Uy Te 190
i NUAPRT =NS TA] gy e 160
WRITE ( 6,2190 ) _ : Oglr 110
i WRITE(H,y 1300 JAMY gAM2 3 A3, Ada g A5 uuliey 130
= GO TO (10 430 450 .70 }» INDGEU - i . ouir 190
- 10 TF{INIARNEQ,0)50 [0 ugler 200
WRITE{A,2200) TS5,TR, NRIB.P[TCH RIBFLGDEP TH, _ . T, aultr 210
— 1X]4YRAR uule 220
= G0 10 BO . T ug e 230
— 20 XT=X1%2,94%2,56%2 ,94%2 .54 GuTe 240
B YHAR=YHARRD? (54 i 3 - ) O TP 250
l WRITFIALE3LN) TSy 1R, 3,2[TCHyRI4FG,0ZP A vuitr 260
- 1X1,YRAR ) Uy 210
— OGN T 80 . QU P 280
3N TF(INIMENLEN.O)GDO TO 40 B L . uyipP 290
WRITE (6452210 ) v SaTCyNCURWPITCHy FLAT,206E, PHICUR,DEPTH, pule 300
I1XT,sYBAR _ ’ Oulr 310
GO0 3o . uldie 329
40 X[=X1%2454%2,54%2,54%2,54% o oyl 330
| YHAR=YHARE2 .04 uu TP 34
l WRT IE(6,1320) TS TCyNCORPITCH,FLATWEDGE yPHICQRyDEP THy ~ Ul ip 350
— 1XT ,YRAR 1P 340
Gt T R0 - nyYe 370
50 [TF(IDIMEN.EQL,0) GU T AD DUty 330
WRTITF ( 6,2220 ) TS TLEENZEELPITCH,,ZP PNED1 4ZPNED2 4DEP TH,ZEESF, Uy e 399
-] 1 2RSS 1o/ rinrrLEEFF L, U TP 490
— 2XI,YRAR . guylir 410
| 50080 _ _ oule 420
— 60 XT=XT%2,54%2,54%2,54%2.54 Ou TP 430
= YHAR=YHRAR®? , 04 U 1P G4an)
WRITE [ 641330 ) l5.1£EE.NZEE,P[]@H,ZPNEDI./PNtUZ,DFPTH,ZtESP, U IP 450
1 P A A N YA S A ) uule 460
2XT s YRAR . uy P 470
GO il 40 DU P 480
70 CONTIMIE X ) uu P 490
40 [F{IDTAry,enen) Gl 70 90 U TP 500
WRITE(6,2230) XLGTH,PANWID ‘ gulr 510
G0 [ 100 UuiP 520
90 WRITE(A,1340) XLGTH,PANWED T uu P 530
100 CONTINUE yuir 5a0
IF(INDBD.EQ.0) GO TD 150 ’ QuUTP 550
IF{RRAD .0 ,0,0) GO TO L1 uuipP 960
WRITE { 642240 ) : auIr 570
GO U 120 uu P 580
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LLO WRITE [ 6,22%0 Uir s90
120 IF(IUIMEN.tU.O)hU TO 130 ) Uy e 600
WRITH{A,22600) BRAD 3NN ule 610
GO T 140 ) : TP 620
130 WRIT=(A,1350) RIAD RN N IR =T
140 CON TTM)F ) UJIP 640 ;
150 WIRIFE ([ 45,2270 ) TP K50
LECINDY LA ERL0)GO T 220 : U IP 661 :
WRITE{ Ay L360]) OUIP nio
WRTITE(A2190) U ivY 680
WRITFE{A,1370)) i Uy ir 699
IFCIDIMENGEY.0IGO TO 170 o uu TP 700 :
WRITCE( A, 1380) . ouiP 7110 E
WRI TE{H,1390) (XPRINT(N),N=1,NSTAT) i auitpP 120 £
WRITE(hy1400) uu e (30
DU 160 M:l.NTlME : Uy e 749
WRITE{A,1410)0X \~(M),(”<4MU4(val.[-1,NSoﬂr) e 150
1A0 COn TEME ’ Dy ir 760 =
50 T 210 auie 770 E
170 CtiNy TINE . ; Oulr 780 £
DI 180 N=1,N8TAT . ug e 7199
180 XPRINT(M)=XPRINT(N)}*2,54 . ) ’ Qule 400
WMREITE{ A, 1420) uuTe 810
ART TE( 641390 )" ( XPRINT{N),N=]1,NSTAT) ’ Oyle 820 =
WRITE(A,1%30) Ui le 43 E
D200 M=1,NTIME UoTe Hap E
D190 f=1,8N8FAT OtHEr <50 =
19O PRIMUNMIE,M)=PRTMOM(T 4 M) %, 453652, 54 . L Y IP 860
200 lelF(6.1410)nxflM:(M).(PRTMUM(I.ﬂ).l-lyNSIAl) tuie 3170
210 COUNMTINYE . o ou Ty 830
GO [0 350 DU TP 490
220 CI TINUYE : . ul)J e o0
lF(Iannu hu.l) GO TU 240 , OU P 910
WRTTE 2280 ) o QU TP 920
IF( INI)SHP HJ l) GO Tu 230 uuir 93p
WRITF [ 6,2290 ) , ’ UUTP 940 E
Lo B0 T 3% : OUTP gy E
230 WRITE ( 6,2300 ) ) Uty 9pp
GO T 350 A UJIP 970
240 TFOINDIMEN,EQ,N)IGD TO 250 T uy iy 9uq
lerk(h.lﬁan)A!kN U ey g9y
) G T 260 o U P 1000
250 lerF(ﬁ,lasn)Asrw U TP Lo LD
260 CONTIMIE ’ HuUIr102n
URITE( Ay L46) ) Ut IP 3¢ 30
LECTTIME L EQ.0) GO T 270 ; DU TPT0 %)
WRICE{ A, 1470) Uy e 10s0
GO Ty 2480 NP 1060
210 WRITE(A,1480) VUIPLY 1O
280 COMTINUE ] ) UUTPI080
TFUTLOAN ,E0,0, 160 70 290 U P 1090
WR TE{h,1490) : U Iv1100
GO 1O 310 uulPiilo
290 WRITE(A,1500) . ouTP1]20
DO 300 i =] ,Ni [ME BUTPLL 30
300 PLOADILL }1=PLOAD(LL )%.4535%y ’ ’ DUTP1140
310 CONT INUE . uyirylso
TFCTINTPLEQ.0)GI) Ty 320 ’ OUIPL160
WRITE(Ah,1510}) ugirlilfo
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vsmcnom OF CREEP IN PHASE IlI NAS—1-11774
METALLIC TPS PANELS SUMMARY REPORT

Y10 Crgd [ai)e tEr b 2 4
[FCTRONST R 0G0 TH 970 T P 24900
WRETEL Ay 200H0) v 2t
HIBR R . ' v 2980
G wR TS S, 2090) IEIY 20
Y40 anllwur HE R 3000
PRI A= k0.0 0510 11 ) () . U Ee 30000
VRT iE(He2300) . ’ U P 3020
IF(1(14“.~H NG Tl Yp TP 30 30
HR[IE(S./%)O) {APRINTIN)ynl=1 4NSTAT ) .. ) Uty 1P 30 40
G0 TG 950 Uy 1P 3050 E
Qa0 WRITE(AL2100) ([ XPRINTIN),N=1,NSTAT ) : . Uity 3060 !
950 CONT INYE . . oy ir 3070 i
DD 960 M=1,NTIME . . i . ‘ 0 1v 3040 i
WRITE ( 64,2360 ) DXTTAE(M) o (DEFLE(MeN)oN=1yNSTAT } uu TP 3090
960 CUN TIMIE ' ) : ouir 3100
300 T 1030 TEGEIRET
970 CHonN TINUE , ’ nuiv 3120
WRITE(A,2110) S EIP AL 30 i
IF(ITIMEEQ.0IGO T0 o ’ uulv5140
WRITE{ 6,2350) (XPR[N\(N) N=1,NSFAT ) 1P 3150 :
G 1) 990 ' Ule 3160 ;
Y30 WRITE{6,2100) (XPRINTIN)yN=1NSTAT ) : ) uUlellu
ygn CONTINIE UUIPiluu
DI 1010 A= 481 1ME Ui 3190
D6 1000 N=14NSTaT nulngnn
DEFL_F{MgN)IZDFEA_E{M N )22 .04 ByiPs32tn
1000 COMTINE - uu v 3220
1010 COMT INHE UL TP 3230
MY 1020 M=1 ,NTIME ’ Uty iv 3240 -
WRITE( Ay 2360 0XT TME(4)  (0ESLE(MyN) 3Nz Ly NSTAT) — Uy Ip 3250
1020 CONTIMIE o uyir 3260
1030 CONT ITNUe uudir32io
[F{INDELALEQLL) RETURN UUIPJ?BU
[F{INCYL =00 ,0) GU T} 1100 _ U e 3290
IF{1DTHEN,EQL0)IGD T 1050 : Ui P 3300
WRITE(AL2120) uulvjjln
WRTTE(S5,2130) (XPK[NT(N),N 1,NSTAT) Ul Tr 3320
DY 1040 M=1,NT 14 uulesju
WRITE(A,2140) UXTIHF(M),(DPFLIN(M,N) N=14NSTAT) ' UL 1P 3340
YO40 CHNT [nhe )P 33010 &
(1) 1) 1090 UL 1P 3361)
150 WRITF{A2190) gulp 337y
WRITEIH,2130) (XPRINT{N),N=1,NSTAT) ’ Uy ipr 3380
I 1070 A= eNT M7 Uy e 3390
DO _(0AD N=TNSTAT - T Ou 1P 3400 i
NEFCINE M, )= L TR{M N )2 .94 Uy e 3410 z
1060 COMTIME - ’ U P 3420 }
1070 CONT InNE U IP 3430 E
D 1N80 M=1,NTIME : DU 1P 3440 z
WleF(h.)lkﬂ)DX|lM—(M)y(W!rl[Q(M N} yN= 11NSIAI) Ut P 3450
108N CONTINDE ; U P 3460 E
1090 CONT ENHE Uy iy 3417y
1100 CONTINUE - Y TP 3480
[F{TDDAEN L 2Q L0, )51 TH 1120 Uy 1P 3490 =
WRI TE | 6,2379 ) . . U TP 3500 =
WRITE { 5472380 ) (XPRINV{N),N= TaNSTAT ) i ouyle 3510
DN 1110 M=1,NIMCYC 1P 3520
WRITE [ 64,2390 ) K0 YCM-M)'(UH-'MvN)'N LynNSTa L) uu e 3> 30
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WTION OF CREEP IN PHASE 1l NAS—1—11774
METALLIC TPS PANELS SUMMARY REPORT

TV Eoy bl gl i) he 3240

G T LLAD (HTTP 3550

1120 ARIVE[{A,2160) U 1Y 3501
WRITE[4A¢2380) (XPRIMTIM)eI=14NSTAT) ' tylp sbio

T 1an A= ,)arye ke 3940

DO 1129 N=1,nSTAl . : UU 1P 354910

OEFC{M N =DZFIL_ (M N )%2,94 QU TP 3500

1130 CoTleelk . : Uy e 3610

= FhAan Gy e Ul IP 3A20
: : DN 1150 M=1,NUMCYC ] . T Ut v 36 30
WRITE{ 64,2390 )} KCYC( LE{M e {DEFLIMen o N=14NSTAT ) UU 1P 36 40)
1150 CONTINUE ' Ou P 3650

1160 CONT INUE ] . U 1P 3660
IFCINDIMEN.EQ.1)GU TH 1180 : - : o OUTP 3670

DN 1170 ~N=1,JAREA Ul e 36480
F170 Y{N)=Y(W)#2,54 Uy 1y 3690
1130 ConvT iNge P 3700
DI 1290 _N1=)4NUHACYC T DTP 37110
TFCINTAEN.ED L) GO TO 1190 Juleiizo
GO T 1200 S . . . Uu P 37 30
1190 WRITF{A,ZLTOIKOYCL E(NL) : . WP 3740

GO 10 1210 - T DUTP 3750
1200 WRITFE({A,2430)KC YFLt(Nl) J\lebﬂ
1210 COdTINIE ' . - ; UUIPjIIU
WRTITE {6424%0) (»(P»(I'\h [N)eN=14N57AT ) DO TP 3730
: N 1220 NM2=1,NARFA . P 3790
z WRITE [64,2450) Y{N2)y (PSTRAN(N3yN2yNL) yN3=1,NSTAT ) Q1P 34910
1220 COUNTINUE - . HU P 3810
TF{INTHEN,EQ .0 )50 (O L1230 . Ut P 3420
] G T 1260 oL U TP 34 30
17230 WRITE(AL21ROIKCYCLZ(NL) O 1P 34 40
DY 1250 1L2=1.NAREA _ ) U e 3850
DO 1240 L3=1.MSFAT UU TP 3460
RESPLL3,L2,N1)=RESP{L3,L?sN1}*,0068948 - ST DUIr 370
1240 CONT TN U TP 3330
1250 CONTINIE Uty 3890
GO (D 1270 )Y 3900
1260 WRITE(A L2400 )IKCYCLE(N] ) . 0y Tr 3910
1270 COnlTHie DU P 3920
WRITE { 642410 ) (XPRINTIN)yN=1,NSTAT ) ’ P 59 30
M) 1280 N2=1 ¢NAREA _ Uu e 39 40
WR] TF (6.24)0) Y(N?) y {RESP{N34N2,N1)},N3=1,NSTAT) ’ O 1P 3950
1230 Cunl L 1HJ 1P 3961)
12940 CO4TImE Ui 112 39 ()
RETHRA ) P 3940
1300 FORMA T S50X,5810,//) 3 : U P 3990
1310 FORAAT (44X G 23HATHA STIZSENTO 7P PANZL/ /33K, L2HSKIN H5AGE = 3 rb 4, v a000
1744 CM /93Xy LIHRIRB GAGE = 4FES5.4,7H CHM /53X, 1 THNUMBER Ur RIBS ulfranlo
2= JI3/93X,18HP LTI LrNGT = 4rFrhe3,1d M 793X, 200iPANS EDGE LENGUU 1P 4020
3TH = ,Fh,3,IH (M /93X, 14HPANEL, DEPTH = LF5¢3,7H CM 7 /7, 10U TP 40 30
z 453X g ALHCALCID ATED A48T )7 IerRila 2 yeldelynd Cdusa/ SR EIIEAY]
: 553X, 23FLASTIC NETRAL AXIS = LF5,3,7H CM /) : U TP a050
1320 FNORMAT{43X,28HSINGLE A0 HURALAT TN TPS/ /334, 124K N GAGE =,  HUIP =060
1F9.4,7H CM /53X, 19HCURRNGATION GAGE = 4F5.4,7H_CM T /53X, U P 4010
225HNUMBER )7 CURRDGAT (NS = 4 13/593X,1oHP 11 CH Lalid = ,Fb6,3, VY 1P 480
374 CM . [53)5,113HFI=AI' I_El\!(;IH = !F6-3|7H_CM _/53 ] gu TP 4090
420HPANEL EDGE LENGIH = yFhe3y/H (1 753Xy 20HCRRUGAT [ON ANGLE = DU TP4ln0
Sekb6.3,HH NEGREES/S53X, 14HPANEL DEPTH = ,ES5.3,7H CM /vy . TP 4110
653X ¢ 3LHCALCULATED AimzNy )rF INERTIA = 4rF1l0e febH (Mg / Duiratlo
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TH3X 42305 LAST I NSTRA L AXTS- = ,F9.3, 14 (M /) . . ty e 4l 30
1330 FORMAT(43X,21H/ SHH-!-NH) 1PS PANEL//53Xy12HSKIN GAGE =" 4F5,.4 _Uu P 41 40
174 (M /93X e 9HL GALGI = 4FB 4y TH 09 7934y 250UNUMRER UF L Sfl Fepti) P alon
INERS = ,13/753X,15HP L IAH 1 ENGTH = 1F6.3yTH CY . /53X, TP a1 A
B2LHPAA T misn LM S = ma 3y AN WAL 3, D /23X, vy v atio
GLGHPANE] NEPIH = ,FES,3, 7/t O /53Xy 27THZ FLANGE LENGTHS AT SKIN =00 TP 41180

S g F9.305H ANYY W5 .3, 74 D /934,241, FREE FLANGE LENSTHS = Oy by 4190
6ESL 3 00 AD RS 3571 M / _ : dtrlp 4200
TH3X G ALHCALCHL AT R A el 1IE [HERTTA = 4Ffl0. (o6 CH%kg/ Uy lirazlo
H53X, 23HELAS TIC WEHIRAIL AXIS = ,F5.3,7H CM l) Uy P 4220
1340 FORMAT (43X, LaHPANSL L<NGIH = 4Fh.2,TH M / VALY ED]
Fo43X, 14HPANEL WIUTH = ,F6.2,7H CM /7) _ . Uy 1P 42 40
1350 FORMAT(53%,9HADTUS = ,Ff6.3,70 C4 /53X, 9HWIDIH = ,Fn,3, Uy IPa2s50
17H CM /) . . . LU TP 4260
1350 FORMAT(S53X,3LHUNTFURM PRESSHRE [P ATE 327 [UN) ) guira2t0
FA7O FURMAT 52X, 27THRENDING MOMENT DISTRIBUTION) . P 4280
V340 FORAAT(///729X 2 1HAZAM STATION (INTHZS)) DU 1P 4290
1390 FORMAT( /11X 34HEIME ,9X,10(F5.2,5X1)/) () 1P 4300
14nn FORAAT(62X,y TH(IN 118S)) v fr4iro
1410 FORMAT{ 10X Fb.2,4X,10{F10,21)) " - Uy TP 4320
1420 EORMAL(// /29X L THAZAM STATEUN (CM)) P 4330
1430 FORMATI 60X, 10R{ICH KTLDOS) ) . .. . ’ L TP 4340
Laan) FOWIAT{53X 500 (W) POINT L0ans » DISTANCE #0df SUPPURT TU LUAY =, UU 84450
1ES, 2, 7H INCHES/ /) . i . : U 1P 4360
Fano FHURMAT{H3L S0H TwWll PHIENTG L0a0S 5 OTSTANCE FJd SUPPURT 10 LUAD =, IR 4a3/{y
LES 2y 20 Cy /) . . ; U TP 43180
Lann FORMATLA2X 7/ / /] AN CRAAJELTURY DATA/) U P 4390
Paty FORMAT(45X,15H TIME (SECUNDS ) ) o QU TP 4440
1480 FORMAT (45X g 19H 1M~ (4{N)i=S)) Uglraaly
1490 FIRMATI 45X, 11H LOAD (LhS)) - U TP 442()
1590 FORMAT (45X, L34 LA (<111S)) GU TP 44 30
1510 FIRMATIA5X, 20H TEMPERA TURE (DEG F)//) - Ul TP 4 440
15200 FOREAT (49X 4 20H TEMPERATHRE [(DES K)//) P G4450)
1930 FUORMAT( 99X, 4HTIME 16X, 101 1 OAD 16Xy 12HMIDSPAN SKIN/ UU TP 4460
. IS]X'SHS[A%|,4K,3HcﬂUygil,l[Ht6@P§{AtU{g/l) U iPaary
1540 ENRVMATI52X, 410,70 93X, rHo2 3 11X4FB,3,13X,Fb6.1) _ VU TP 4480
YR O FORMAT (46X, L4HPRESSUR S (P51 )) O v aagn
15A0 FORMA T{ 46X, 1 3HPRESSURE (PA) ) -, TP 4500
V570 FORMAT{ 55X g4 T [ME , 16X, 1OH PRESSHKS 46X, 1 2HAIDSP AN SK[N/ U e as1d
I?lxybHSTARf.ﬂX.%HtVH,ZHX,llnlEMPERATugE//) _ Ui e 4524
Vo0 FORANT(/// /7 349X 3 32H00C T 00 dP ZQUATTUN DEFTNTFTON /77) Ul P 45 34
1530 FNDRYAT(AOX, 1 2HUN(S TRALN )= L,KEL12.5) _ UY TP 45 4
1A FIRAAT [B52X,612,9,19H (ST 21=$5)) U TP 4551
14 FORMATIS2X,H12,5, aH 3 F5MP )] ot Ir 4560
17120 rHR4AF(H?X,%1),5. Ao (= )) v as 1)
16300 FMAMA T 52X F12,.5,11H (] ,/ TrHb U TP 45 51)
1TR40 FIRMATISE2X g2 12 09, 1T EH (1 far) DU IR 4390
1A50 FIRWATIHB2X,F12.5%,13H % o{ S IRES ) - Ut TP 4600
LAan6O FOREMAT[H2X,=12.5 ) LH SN [=xP) QU IP 46| 1)
100 EARMAT(IS52X,E1245,13H H(STRFSS 4% ) - UHP 4620
LAAG FORAGATIB2X 42 12.9,13H #{ S1-58)%%x3) U TP 4530
1AG0 FHRMA T 52X F120,14H {1,/ TEMP 2) OU TP 46 )
LD FORAAT (52X 2 1205 1At s [ o/ EMP Juik3) U 1P 46%0
L7100 FORMAT{S2X4E1249,16H %[ STRESS ) TEMP)) UU TP 4660
7200 EORMATIS2X,= 12,5, 17H #{STRESSY/(T242)) LG EP 45 70
1730 FORMAT( 52X, E12.5,18H #(STRESSXTEMP %2 - Ui TP 4680)
1740 FORMATES2X 4512459, 1HA #( STRESSRT 40 J#%3) U 1P as90
1750 FURMAT( 52X, E124H418H *(STRESS/TEMP }%%2) U 1P 4700
LI60 FORMAT (52X 351249y IHH %[ STRESS/TEMP )4 3) uulireario
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